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I.  INTRODUCTION 

The  Geophysical  Laboratory,^  studying  the  ternary  system, 
lime-silica-alumina,  has  established  the  constitution  of  all  the 
definite  combinations  of  lime  and  alumina,  lime  and  silica,  silica 
and  alumina,  and  lime,  silica,  and  alumina.  Furthermore,  this 
laboratory  ^  has  verified  the  work  of  the  Geophysical  Laboratory, 

^  J.  Ind.  Eng.  Chem.,  3,  pp.  211-227;  April,  1911. 

*  Concrete-Cement  Age,  2  (cement  mill  section),  pp.  3-7;  January,  1913. 
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and  determined  the  compounds  which  are  actually  present  in 
Portland-cement  clinker.  With  the  constitution  of  cement  thus 
established,  it  was  thought  advisable  to  take  up  the  study  of  the 
effect  of  various  amounts  of  water  and  steam  at  atmospheric  and 
higher  pressures  on  the  individual  compounds  of  cement  and  on 
Portland  cement  itself. 

The  work  consisted  of  the  preparation  of  the  constituent  binary 
compounds,  their  hydration  on  microscope  slides  with  an  excess  of 
water,  their  hydration  in  a  cylinder  with  steam  according  to  the 
method  proposed  by  Bied,^  their  hydration  in  the  autoclave  with 
steam  at  various  temperatures  and  pressiures,  and  the  hydration 
of  specimens  molded  with  quantities  of  water  approximating  those 
used  in  normal  consistency  mixtures;  all  products  thus  formed 
being  examined  with  the  petrographic  microscope  to  determine 
the  changes  taking  place. 

The  treated  products  were  the  three  aluminates,  monocalcium 
aluminate  (CaO.AlaOa),  5:3  calcium  aluminate  (5Ca0.3Al203), 
and  tricalcium  aluminate  (3CaO.Al203) ;  four  silicates,  cal- 
cium metasilicate  (CaO.SiOz),  gamma-calcium  orthosilicate 
(72CaO.Si02) ,  beta-calcium  orthosilicate  (yS2CaO.Si02),  and  tri- 
calcium silicate  (3CaO.Si02) ;  free  lime  biu-ned  at  different  tem- 
peratures, a  high  silica  cement,  a  low  silica  cement,  a  high  iron 
cement,  and  a  high  magnesia  cement.  In  addition  to  the  above 
two  white  cements  containing  different  percentages  of  water  due 
to  aeration  were  studied.  Previous  papers  ^  ^  of  this  laboratory 
have  shown  that  the  magnesia  enters  into  beta-calcium  ortho- 
silicate up  to  6  per  cent  and  into  tricalcium  aluminate  up  to  10  per 
cent,  forming  homogeneous  compounds;  also  that  cements  con- 
taining 7.5  per  cent  magnesia  show  no  distinctive  magnesium 
compounds.  Therefore  in  this  work  no  silicates  and  aluminates 
containing  magnesia  were  prepared,  but  commercial  cements  of 
high  magnesia  content  were  examined. 

3  Proc.  Int.  Assoc.  Testing  Mat.,  2  (9),  p.  8;  1911. 

*  Orig.  Com.,  8th  Int.  Cong.  Applied  Chem.,  5,  pp.  73-81;  1912. 

'  Concrete-Cement  Age,  4  (cement  mill  section);  pp.  29,  33,  38;  March,  1914. 
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II.  ALUMINATES 
1.  PREPARATION  OF  COMPOUNDS 

For  the  preparation  of  specimens  of  aluminates,  chemically  pure 
calcium  carbonate  and  alumina  were  mixed  in  desired  proportions 
with  a  little  water,  molded  into  hollow  bars,  and  burned  in  an 
updraf t  kiln.  A  diagram  of  this  is  shown  in  Fig.  i .  The  furnace 
was  built  of  common  brick  and  the  chamber  lined  with  mag- 
nesite  brick.  The  specimens  rested  on  a  horizontally  placed  brick 
and  were  heated  by  two  Fletcher  burners  supplied  with  natural 
gas  and  compressed  air,  a  thermocouple  and  galvanometer  being 
used  to  control  the  temperatiu-e.  The  furnace  was  usually  fired 
overnight  with  natural  draft,  the  temperature^^  reaching  800-900° 
by     morning.       The  

7/       \Wnw/A 


blast  was  then  turned 
on,  and  in  three  to  four 
hours  the  temperature 
was  raised  to  that  de- 
sired. Owing  to  the 
fact  that  the  com- 
pressed air,  and,  in 
later  work,  the  electric  **— 

current,    could   be    ob-  -^^^.r. -Showing  up-draftmn 

tained  for  only  eight  hours  a  day  at  a  maximum,  it  was  impos- 
sible to  bake  the  specimens  continuously  until  a  microscopic 
examination  showed  the  desired  homogeneity.  Instead,  the 
material  was  usually  burned  for  one  day,  ground,  examined, 
remolded  and  rebumed,  this  process  being  repeated  until  the 
sample  was  satisfactory  as  regards  homogeneity.  Not  over  400 
grams  of  raw  material  were  burned  at  one  time.  The  resultant 
product  was  pulverized  and  sifted  through  a  200-mesh  sieve  before 
hydrating. 

In  no  case  was  it  possible  to  secure  a  homogeneous  product  by 
one  burning  in  the  furnace.  At  least  two  burnings  with  inter- 
mediate grindings  were  necessary.  This  must  be  borne  in  mind 
in  view  of  the  comparisons  which  are  made  with  the  results  of 
other  investigators  of  this  problem,  since,  with  few  exceptions,  they 


^*  All  temperatures  in  this  work  are  given  in  the  centigrade  scale. 
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made  no  rebumings  and  no  petrographical  examinations.  Conse- 
quently it  is  doubtful  whether  their  products  were  homogeneous 
and  has  the  desired  constitution. 

2.  DESCRIPTION  OF  APPARATUS 

The  slides  for  observing  hydration  with  excess  of  water  were 
prepared  in  the  following  manner:  A  very  small  amount  of  the 
material  to  be  hydrated  was  placed  on  a  plane  (not  concave)  slide, 
mixed  with  an  excess  of  water,  and  covered  with  a  thin  cover  glass. 


rrrrrrrr 

I » I  1 1 , 1 ; ' 
r,  i  •  I .  I ' ' ',  t '  " :  p  H  u 


Fig.  2. — Showing  apparatus  for  hydration  in  steam 

Pressure  was  then  applied  on  the  latter  so  as  to  completely  elimi- 
nate air  bubbles,  and  the  sides  were  carefully  coated  with  a 
solution  of  Canada  balsam  in  benzol  or  xylol  (preferably  the  former 
because  it  evaporates  more  quickly) .  By  this  means  evaporation 
and  carbonation  were  prevented. 

The  apparatus  (see  Fig.  2)  used  for  the  hydration  in  steam  at 
normal  pressures  consisted  of  a  tin  cylinder,  through  an  opening 
in  each  end  of  which  projected  copper  tubes.  The  cylinder  was 
revolved  in  a  nichrome  resistance  oven  by  a  water  motor  at  a 
speed  of  20  revolutions  per  minute.     The  temperature  inside  this 
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cylinder  and  between  the  cylinder  and  the  oven  was  read  by  means 
of  mercury  thermometers.  The  control  of  the  temperature  was 
rather  difficult,  owing  to  an  endothermic  reaction  which  started 
about  15  minutes  after  steam  was  first  passed  over  the  material; 
the  inside  thermometer  in  some  cases  showed  a  temperature  of 
100-105°,  while  the  one  outside  the  cylinder  showed  as  much  as 
200°.  Opening  and  closing  the  switch  in  the  line  supplying  the 
current  at  intervals  presented  the  most  satisfactory  method  of 
regulating  the  temperature. 

The  autoclave  consisted  of  a  piece  of  steel  pipe  18  inches  long 
and  7  inches  inside  diameter  closed  at  the  top  and  bottom  by 
caps.  A  gasket  of  asbestos  cloth  with  wire  insertion  was  used  to 
make  the  joints  withstand  a  pressure  of  350  pounds  per  square 
inch.     The  pressure  was  indicated  on  a  Fairbanks  steam  gauge. 

3.  HYDRATION  OF  MONOCALCIUM  ALUMINATE  WITH  WATER 

The  monocalcium  aluminate  prepared  consisted  of  irregular 
crystals  which  sometimes  tended  toward  prismatic  development. 
These  were  often  irregularly  intergrown,  but  twinning,  described  as 
a  characteristic  feature,  was  not  observed.  Indices  of  refraction 
were  <a'  =  1.642  ±0.003,  yS  =  1.654  ±0.003  ^^i^  7  =  1.660  ±0.003. 
The  measured  double  refraction  gave  7-<af=  0.018  ±0.003.  The 
maximum  interference  color  observed  was  yellow  of  the  second 
order.  Biaxial  interference  figures  were  observed  with  a  fairly 
small  optic  axial  angle.  No  grains  were  found  suitable  for  the 
quantitative  determination  of  this  angle.  The  optical  character 
was  negative.     The  chemical  analysis  showed: 

Per  cent. 

Si02 o.  46 

AI2O3 64.  31 

FcjOa 16 

CaO 34.  94 

Ignition  loss 15 

{A)  Hydration  on  Slide  (See  Table  i). — The  monocalcium  alumi- 
nate started  to  hydrate  almost  immediately.  A  transparent, 
amorphous  mass  first  formed  aroimd  the  grains.  Then  radial 
spherulites  and  finally  hexagonal  plates  and  needles  began  to 
develop,  both  at  the  grains  and  away  from  them.  These  con- 
tinued to  grow  and  attained  their  maximum  size  in  a  few  days, 

62255°— 14 2 
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and  at  the  same  time  the  amorphous  material  covered  practically 
the  whole  slide.  (See  Fig.  3a,  3b.)  The  plates,  needles,  and 
spherulites  were  identical  optically  and  chemically.  They  ex- 
hibited a  medium  double  refraction  and  were  uniaxial  positive. 
The  refractive  indices  were  as  follows:  /a^^  i -55 2  ±0.003, 
^^  =  1.535-1-0.003.  The  character  of  the  principal  zone  was 
positive.  The  needles  were  plates  turned  on  edge,  hence  ori- 
entated parallel  to  the  crystallographic  "c  "  axis.  The  spherulites 
consisted  of  the  needle  crystals  radiating  from  a  common  center. 

A  slide  dried  in  an  atmosphere  free  from  carbon  dioxide  and 
tested  for  free  lime  and  lime  hydrate  with  White's  reagent  ®  gave 
a  negative  result.  Another  slide,  dried  as  above,  was  treated 
with  an  alcoholic  solution  of  anthrapurpurine  which  according 
to  Keisermann,^  dyes  only  free  and  combined  lime.  The  needles, 
plates,  and  spherulites  were  dyed  red,  but  the  amorphous  material 
was  unchanged,  showing  that  the  latter  contained  no  lime.  Patent 
Blue,  which,  according  to  Keisermann,  stains  free  and  combined 
alumina,  stained  all  the  hydration  products. 

{B)  Hydration  in  Steam  at  Atmospheric  Pressure. — A  i-gram 
sample  of  monocalcium  aluminate  was  placed  in  the  can  and 
rotated  while  the  temperature  was  raised  about  10°  above  that 
desired.  Then  steam  was  passed  through  the  cylinder  and  tem- 
perature observations  were  made  at  frequent  intervals.  At  the 
conclusion  the  steam  was  swept  out  by  a  current  of  natural  gas, 
the  cylinder  was  opened,  and  the  contents  were  removed.  The 
sample  was  dried  for  two  hours  on  a  steam  plate  at  100°  in  a 
current  of  air  free  from  carbon  dioxide.  Operating  in  this  manner 
it  was  possible  to  prevent  the  material  from  absorbing  more  than 
slight  traces  of  carbon  dioxide.  Separate  samples  were  used  for 
each  test.  The  amounts  of  water  absorbed  under  the  above 
conditions  are  given  below  and  shown  diagrammatically  in  Fig.  4. 


105° 

110° 

115° 

120° 

1  hour 

Per  cent 
12.00 

16.00 

19.21 

Per  cent 
2.00 
4.99 
6.00 

Per  cent 
0.5 

1.3 

2.1 

Per  cent 
Nil. 

2  hours 

0.10 

4  hours 

.13 

"  J.  Ind.  Eng.  Chem.,  1,  p.  5;  1909. 


^  Cement  Eng.  News,  23,  p.  10;  January,  191 1. 
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Fig.  3a. — Monocalcium  almninaie  in  water  taken  without  nicols  and 
showing  a  large  spherulite  of  hydrated  tricalcium  aluminate  and 
amorphous  hydrated  alumina.  The  latter  covers  and  obscures 
crystals  of  hydrated  tricalcium,  aluminate.  Magnification  =  16^ 
diam^eters 


Fig.  3b. — This  photograph  is  identical  with  figure  ja  except  that  it 
was  taken  wi th  crossed  nico  Is .  The  amorphous  ma  teria I  is  invisi b le , 
but  the  crystals  covered  by  it  are  clearly  shown 
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The  water  absorption  was  greater  at  105°  than  at  any  other 
temperature  and  confirms  Bied's  statement  that  the  weakly  basic 
aluminates  do  not  absorb  water  appreciably 
above  110°.  Hydration  was  not  in  any  case 
complete,  since  the  microscope  showed  unhy- 
drated  grains  surrounded  by  and  coated  with 
a  translucent  mass  of  isotropic  amorphous  ma- 
terial and  very  fine  needles.  (The  term  amor- 
phous and  noncrystalline  are  used  to  desig- 
nate any  substance  -which  shows  no  crystalliza- 
tion and  is  optically  isotropic.  This  would 
include  the  colloidal  material  noted  by  previous 
investigators.  It  was  thought  best  to  avoid  the 
use  of  the  words  colloid  and  colloidal  material  on 
account  of  the  hazy  and  contradictory  views 
concerning  them  set  forth  particularly  by  ce- 
ment investigators.)  With  increase  in  dura- 
tion of  exposure  up  to  four  hours  the  needle 
crystals  increased  in  number  and  size.  The 
maximum  interference  color  was  yellow  of  the 
first  order,  and  the  crystals  showed  uniaxial 
interference  figures.  These  crystals  were 
identical  with  the  needles  observed  on  the 
slide  and  were  identified  as  hydrated  trical- 
cium  aluminate  (see  hydration  of  trical- 
cium  aluminate),  indicating  that  amorphous 
alumina  is  split  off  and  hydrated  tricalcium 
aluminate  is  formed.  With  increase  in  tem- 
perature up  to  140°  more  of  the  imhydrated 
monocalcium  aluminate  and  less  of  the  amor- 
phous material  was  present.  A  sample  of 
the  material  hydrated  for  four  hours  at  105° 
was  heated  for  one  hour  in  air  to  160°,  when 
the  water  content  fell  to  0.2  per  cent  and 
the  fine  needle  crystals  disappeared,  though  the  isotropic  material 
was  still  present. 
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in  steam, 
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(C)  Hydration  in  the  Autoclave. — A  sample  of  the  aluminate  was 
stirred  with  a  large  excess  of  water  in  a  porcelain  crucible.  This 
was  covered,  placed  in  the  autoclave,  and  exposed  to  steam  at  300 
pounds  pressure  for  two  hours.  After  drying  the  specimen  in  the 
same  manner  as  previously  described  it  was  examined  microscop- 
ically and  showed  complete  hydration  with  the  formation  of  a 
large  amount  of  the  amorphous  material  and  a  very  considerable 
quantity  of  needles  and  hexagonal  plates  of  hydrated  tricalcium 
aluminate.  It  is  of  significance  that  complete  hydration  occurred 
in  so  short  a  time  and  that  considerable  crystalline  material  was 
formed. 

{D)  Hydration  of  Molded  Specimens. — Another  sample  of  mate- 
rial was  mixed  with  30  per  cent  of  water,  pressed  into  a  >^-inch 
cubical  mold,  and  allowed  to  hydrate  for  24  hours.  At  the  end  of 
this  time  it  was  very  hard,  being  more  difficult  to  powder  than  any 
of  the  other  aluminates  treated  the  same  way.  It  consisted  almost 
entirely  of  the  amorphous  material  with  a  few  of  the  needle  crystals 
noted  above. 

The  hydration  of  the  monocalcium  aluminate  with  splitting  off 
of  alumina  is  noted  both  by  Schott  ^  and  Keisermann.*  The  fact 
that  the  final  products  of  hydration  are  amorphous  hydrated 
alumina  and  hydrated  tricalcium  aluminate  is  of  importance  and 
will  be  considered  further  under  the  discussion  of  calcium  sulpho- 
aluminate.  Whether  the  hydrated  tricalcium  aluminate  forms  by 
the  solution  of  monocalcium  aluminate,  splitting  off  of  alumina  and 
direct  crystallization  or  from  the  conversion  of  amorphous  trical- 
cium aluminate  into  crystalline  material  could  not  be  determined, 
owing  to  the  character  of  the  material.  The  evidence,  however, 
seems  to  point  to  the  slow  conversion  of  the  amorphous  aluminate 
which  is  of  indeterminate  composition  into  the  crystalline  variety 
some  time  after  the  hydrated  alumina  is  split  off.  This  latter  view 
will  be  greatly  strengthened  when  cements  hydrated  7  and  28  days 
are  considered.  Stern  ^^  calls  attention  to  the  fact  that  calcium 
aluminates  are  decomposed  by  water,  forming  calcium  hydrate 
and  gelatinous  alumina,  and  if  an  aluminate  is  shaken  with  water 

*  Cement  Eng.  News,  22,  p.  515;  1910. 

»  Cement  Eng.  News,  23,  p.  10;  January,  1911. 

"  Chem.  Ztg.,  82,  pp.  1029-1031;  1908. 
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and  filtered  both  lime  and  alumina  are  contained  in  the  filtrate. 
If  this  filtrate  be  dialyzed,  lime  passes  through  the  dialyzer  gener- 
ally without  any  alumina,  although  a  trace  of  alumina  may  also 
pass  through.  The  experiment  of  Stem  was  repeated  (see  page  1 8) , 
but  his  results  were  not  corroborated.  Moreover,  the  aluminate 
was  carefully  tested  by  White's  test  ^^  in  all  stages  of  the  hydration, 
and  at  no  time  was  the  presence  of  calcium  hydrate  detected. 

In  this  connection  mention  might  be  made  of  the  recent  work 
of  Blum  ^^  on  the  constitution  of  aluminates.  He  studied  the  H 
ion  concentration  and  electrical  conductivity  during  the  reaction 
of  an  aluminum  salt  with  an  alkali  hydroxide.  The  results  of  this 
work  add  to  the  evidence  in  favor  of  the  existence  of  definite 
aluminates  in  the  solutions  obtained  by  dissolving  aluminum 
hydroxide  in  alkalies.  This  work  is  very  interesting  in  view  of 
the  chemical  similarity  between  the  alkalies  and  the  alkali  earths. 

4.  HYDRATION  OF  5:3  CALCIUM  ALUMINATE  WITH  WATER 

This  aluminate  was  prepared  in  the  usual  way  b}^  mixing  the 
materials  in  the  proper  proportion  with  a  little  water,  molding 
into  hollow  cylinders,  and  burning  them  in  the  updraft  kiln. 

The  sample,  as  prepared,  consisted  of  irregular  isotropic  grains 
with  a  refractive  index  of  about  i.6i.  Some  of  the  crystals  con- 
tained a  few  inclusions  of  double-refracting  material  with  a  higher 
index.  The  optical  proportion  of  this  material  indicated  that  it 
was  a  mixture  of  monocalcium  aluminate  and  the  compound  2CaO. 
Si02.Al203  ^^  These  crystals  were  prominent  because  of  their 
marked  difference  from  the  large  mass  of  isotropic  crystals.  The 
amount  of  these  impurities  was,  however,  very  small,  and  their 
presence  doubtless  had  no  effect  on  the  results  obtained. 

The  chemical  analysis  showed : 

Per  cent 

SiOa o.  28 

AI2O3 51.  92 

FcjOa 20 

CaO 47.  59 

Ignition  loss 05 

"  J.  Ind.  Eng.  Chem.,  1,  p.  5;  1909. 

1*  J.  Am.  Chem.  Soc,  35,  p.  1499;  October,  1913. 

18  J.  Ind.  Eng.  Chem.,  3,  No.  4,  p.  40;  April,  1911. 
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{A)  Hydration  on  Slide. — The  5:3  calcium  aluminate  (see  Figs. 
5a  and  5b)  began  to  hydrate  almost  immediately,  the  first  effect 
being  the  formation  of  an  amorphous  material  around  the  grains 
and  of  spherulites  away  from  the  grains.  The  latter  grew  in  size, 
and  needles  and  plates,  identical  with  those  noted  in  the  hydra- 
tion of  monocalcium  aluminate,  began  to  extend  from  them. 
These  continued  to  increase  in  size  and  reached  the  maximum 
development  after  a  few  days.  The  amorphous  material  also 
increased  in  quantity,  but  the  maximum  amount  was  consider- 
ably less  than  that  of  the  hydrated  monocalcium  aluminate.  The 
amount  of  crystallized  material,  however,  was  much  greater. 

A  slide  of  hydrated  5:3  calcium  aluminate  dehydrated  in  air 
free  from  carbon  dioxide  and  treated  with  White's  solution  gave 
negative  results.  Another  slide  was  similarly  prepared.  Part  of 
it  stained  with  anthrapurpurine  showed  absence  of  lime  in  the 
amorphous  material,  whereas  the  other  portion  stained  with  pat- 
ent blue  showed  the  presence  of  alumina  in  all  the  hydration 
products. 

{B)  Hydration  in  Steam  at  Atmospheric  Pressure. — The  quanti- 
ties of  water  absorbed  are  given  below  and  represented  diagram- 
matically  in  Fig.  6: 


105° 

110" 

125° 

140° 

1  hour 

Per  cent 
11.08 
11.67 
12.62 

Per  cent 
8.21 

9.04 

10.01 

Per  cent 
3.10 

3.75 

4.20 

Per  cent 
0.27 

2  hours 

.34 

4  hours               

.39 

At  105°  a  considerable  amount  of  the  material  was  changed 
and  was  coated  with  amorphous  material  and  doubly  refracting 
uniaxial  needles.  As  the  temperature  increased  the  amount  of 
amorphous  material  decreased,  until  at  140°  there  was  extremely 
little  of  it  present,  and  at  1 50°  nothing  but  unchanged  5 :3  alumi- 
nate was  observed. 

The  silicate  noted  in  this  preparation  of  aluminate  in  all  cases 
was  unaffected  by  the  steam  treatment.  The  maximum  water 
absorption  occurred  at  105°,  but  the  amount  was  less  than  the 
corresponding  absorption  of  the  monocalcium  aluminate.     How- 


/-^ 


Fig,  5a. — j:j  calcium  aluminate  in  water,  showing  needles,  plates, 
and  spherulites  of  hydrated  tricalcium  aluminate  and  amorphous 
hydrated  alumina.  This  photograph  was  taken  without  nicols. 
Magnification  =  180  diameters 


Fig.  5b. — j:j  calcium  aluminate  in  water,  showing  needles  and 
plates  of  hydrated  tricalcium  aluminate  and  amorphous  hydrated 
alumina;  taken  without  nicols.     Magnification  =  joo  diameters 
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ever,  the  increase  in  lime  content  seems  to  allow  the  absorption 
of  water  at  higher  temperatures.  The  material  hydrated  at  110° 
was  reheated  to  160°  in  steam,  and  it  was  found  that  the  needle 
crystals  were  destroyed. 

(C)  Hydration  in  the  Autoclave. — For  this  test  a  sample  of  the 
material  was  stirred  with  water  in  a  small  porcelain  crucible,  cov- 
ered and  heated  at  300  pounds  for  two  hours  in  the  autoclave. 
The  results  showed  complete  hydration  with  the  formation  of 
lath-shaped  prismatic  crystals,  small 
hexagonal  plate  crystals,  and  a  small 
amount  of  amorphous  material.  The 
optical  properties  of  the  crystals  estab- 
lished them  as  hydrated  tricalcium 
aluminate. 

{D)  Hydration  of  Molded  Speci- 
mens.— Molding  of  specimens  with  28 
per  cent  of  water  showed  after  24  hours 
very  little  development  of  crystals 
and  much  amorphous  material.  Vari- 
ations in  the  water  content  thus  simply 
cause  varying  amounts  of  crystalline 
material  to  be  formed  immediately  on 
hydration,  the  resulting  products  in 
each  case  being  identical. 

One  further  fact  concerning  the  hy- 
dration of  5:3  calcium  aluminate  is 
worthy  of  emphasis,  namely,  that  the 
microscopical  examination  of  the  hydrated  product  revealed  no  free 
lime  or  lime  hydrate,  but  that  hydrated  tricalcium  aluminate  was 
found  in  all  cases.  Cements  usually  contain  some  free  lime  and 
sometimes  5 : 3  calcium  aluminate.  Under  these  conditions  it  is 
probable  that  quantities  of  the  hydrated  aluminate  would  be  formed 
by  combination  of  calcium  hydrate  and  the  hydrated  alumina  split 
off  from  the  5 : 3  calcium  aluminate,  although  such  a  process  would 
seem  to  be  a  slow  one.  Kasai  ^*  found  that  on  addition  of  hydrated 
silica  and  alumina  to  cement  only  the  former  was  of  value.     Yet  the 
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"  Ciment,  17,  pp.  41-44,  61-63;  1912. 
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action  of  the  hydrated  alumina,  split  off  in  the  presence  of  calcium 
hydrate,  can  not  be  predicted  from  the  combination  of  calcium 
hydrate  and  precipitated,  washed  alumina,  as  the  two  materials 
would  differ  materially  in  their  behavior,  owing  to  their  different 
methods  of  formation.  Gallo  ^°  has  already  called  attention  to 
the  formation,  in  puzzalona  mortars,  of  a  compound  of  the  formula 
3CaO.Al203.ioH20  from  soluble  calcium  aluminate  in  the  presence 
of  calcium  hydrate. 

The  literature  on  the  subject  of  the  5:3  calcium  aluminate  is 
scanty.  Excepting  Michaelis,  who  states  that  5:3  calcium 
aluminate  is  present  in  cement,  the  onl}^  noteworthy  mention  made 
of  it  is  in  the  work  of  the  Geophysical  Laboratory.  Various 
hydration  tests  are  found  on  the  so-called  dicalcium  aluminate, 
but  this  usually  is  a  mixture  of  5 : 3  calcium  aluminate  and  tri- 
calcium  aluminate.  Where  the  product  is  fused,  it  consists  of  5:3 
calcium  aluminate,  tricalcium  aluminate,  and  free  lime,  due  to  the 
dissociation  of  tricalcium  aluminate. 

5.  HYDRATION  OF  TRICALCIUM  ALUMINATE  WITH  WATER 

More  difficulty  was  experienced  in  securing  a  homogeneous  speci- 
men of  tricalcium  aluminate  than  of  the  other  aluminates,  owing 
to  the  fact  that  it  was  underburned  at  first,  forming  a  soft  porous 
clinker  containing  much  free  lime,  a  little  tricalcium  aluminate, 
and  considerable  5:3  calcium  aluminate.  On  pulverizing  and 
regrinding  and  burning  part  of  it  fused.  The  microscopical 
examination  of  the  fused  product  revealed  the  same  constituents 
as  in  the  underburned  specimen,  the  only  difference  noted  being 
a  growth  in  size  of  the  free  lime  grains.  A  third  pulverization  and 
burning  resulted  in  a  satisfactory  specimen.  It  was  found  neces- 
sary, however,  to  hold  the  temperature  at  least  50°  below  the 
fusion  point  in  order  to  secure  the  best  results.  The  material 
yielded  on  analysis : 

Per  cent. 

SiOa o.  48 

AI2O3 37-78 

FcoOa 16 

Cab 61.  41 

Ignition  loss 23 

'^  Gazz.  Chkn.  Ita!.,  38,  II,  pp.  156-204;  1908. 
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Fig.  ya. — Tricalciurn  aluminate  in  water,  showing  hexagonal  plates, 
needles,  and  needle  aggregates  of  hydra  ted  tricalciurn  aluminate; 
taken  without  nicols.  Note  the  absence  of  amorphous,  hydrated 
alumina.     Magnification  =  250  diameters 


Fig.  7b. — This  photograph  is  identical  with  figure  ya  except  that  it 
was  taken  with  crossed  nicols.  Note  the  crystallinity  of  the  appar- 
ently amorphous  aggregates 
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It  consisted  almost  entirely  of  irregular  to  cubical  isotropic  grains, 
with  the  refractive  index  equal  to  1.7 10.  No  definite  cleavage 
was  observed. 

{A)  Hydration  on  Slide. — Almost  immediately  fine  needles  and 
small  hexagonal  plates  were  formed  at  and  away  from  the  tricalcium 
aluminate  grains  (see  figs.  7a  and  7b).  These  were  very  minute 
at  first,  but  grew  in  size  and  reached  maximum  growth  at  the  end 
of  a  few  days.  The  determination  of  their  optical  properties 
proved  them  to  be  identical  with  each  other  and  also  with  the 
needles  and  plates  observed  in  the  hydration  of  the  other  alumi- 
nates.  The  plates  were  orientated  perpendicular  to  the  *'C" 
crystallographic  axis  and  the  needles  were  orientated  parallel  to 
this  axis.  No  amorphous  hydration  product  was  observed,  this 
being  in  contradistinction  to  the  observations  with  5:3  calcium 
aluminate  and  monocalcium  aluminate.  A  slide  of  hydrated 
tricalcium  aluminate  dried  in  an  atmosphere  free  from  carbon 
dioxide  and  treated  with  White's  reagent,  gave  negative  results. 
The  absence  of  lime  hydrate  and  amorphous  hydrated  alumina 
establishes  the  composition  of  this  compound  as  hydrated  trical- 
cium aluminate. 

{B)  Hydration  in  Steam  at  Atmospheric  Pressure. — On  exposure 
for  four  hours  at  110°  only  a  little  tricalcium  aluminate  was 
hydrated.  Some  of  the  grains  showed  a  border  of  doubly  refract- 
ing material  consisting  of  fairly  well-developed  needles  and  some 
plates  of  hydrated  tricalcium  aluminate,  together  with  some  amor- 
phous material.  Increasing  the  temperature  to  140°  served 
merely  to  lessen  and  prevent  the  formation  of  the  crystals.  The 
formation  of  the  border  of  hydrated  crystalline  and  noncrystalline 
material  seems  to  indicate  that  the  trialuminate  goes  first  through 
an  amorphous  condition  previous  to  crystallization.  The  amount 
of  water  absorbed  by  the  three  aluminates  decreases  as  the  lime 
content  increases,  and  the  large  water  absorption  of  monocalcium 
aluminate  and  5 : 3  calcium  aluminate  is  due  to  taking  up  of  water 
by  the  amorphous  hydrated  alumina  which  is  split  off.  White's 
test  in  every  case  failed  to  show  the  presence  of  calcium  hydrate,  so 
that  again  there  was  no  evidence  in  favor  of  dissociation  into 
calcium  hydrate  and  hydrated  alumina.  The  two  reactions  in- 
volved are  simply  the  addition  of  water  with  formation  of  an 
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amorphous,  hydrated  aluminate,  and  the  subsequent  crystaUiza- 
tion  of  this  compound.  Under  the  special  conditions  obtaining 
when  tricalcium  aluminate  is  hydrated  on  a  slide  with  a  large 
excess  of  water,  the  amorphous  condition  is  either  of  very  short 
duration,  or  else  it  is  entirely  lacking,  and  the  material  hydrates 
immediately  as  crystals  of  hydrated  tricalcium  aluminate.     The 
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140° 


Fig.  8. — Showing  the  hydration  of  tricalcium  aluminate  in  steam 

quantities  of  water  absorbed  are  given  below  and  shown  diagram- 
ma  tically  in  Fig.  8 : 


105" 

110° 

125° 

140° 

1  hour 

Per  cent 
3.99 
5.01 
6.21 

Per  cent 
3.19 
4.10 
5.19 

Per  cent 
1.02 
1.56 
2.12 

Per  cent 
0.37 

2  hours 

.49 

4  hours 

.65 

(C)  Hydration  in  Autoclave. — A  sample  of  tricalcium  aluminate 
was  stirred  w^ith  an  excess  of  water  in  a  porcelain  crucible  and 
heated  in  an  autoclave  for  two  hoiu-s  at  300  pounds  pressure. 
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The  microscopic  examination  showed  that  all  the  material  had  hy- 
drated.  The  hydration  product  was  chiefly  amorphous  but  con- 
tained a  few  hexagonal  plates  as  well  as  needles.  Test  of  the  amor- 
phous material  with  anthrapurpurine  and  patent  blue  proved  it  to 
be  hydra  ted  tricalcium  aluminate.  There  was  an  increase  in  the 
amount  of  crystals  over  those  noted  in  the  steamer. 

{D)  Hydration  of  Molded  Specimens. — Mixing  the  material  with 
30  per  cent  of  water  and  molding  it  caused  the  liberation  of  much 
heat  and  quick  setting  of  the  material,  which  became  granular  and 
very  difficult  to  trowel.  Examination  after  24  hours  showed  that 
but  a  small  portion  of  the  material  had  hydra  ted.  Only  the  edges 
of  the  grains  were  changed  to  the  usual  amorphous  condition.  The 
liberation  of  heat  is  interesting  in  view  of  the  apparent  endothermic 
reaction  taking  place  when  it  is  subjected  to  steam  at  atmospheric 
pressure.     No  explanation  of  this  difference  is  made. 

{E)  Composition  of  the  Hydrated  Tricalcium  Aluminate. — In  an 
effort  to  determine  the  composition  of  the  hydrated  aluminate  a 
2-gram  sample  was  shaken  in  a  jar  completely  filled  with  150  cc  of 
boiled  distilled  water,  the  material  being  examined  from  time  to 
time  to  determine  when  crystallization  was  complete.  The  addi- 
tion of  water  resulted  in  the  formation  of  lumpy,  amorphous, 
hydrated  aluminate  on  the  outside  of  the  grains,  which  had  a 
tendency  to  cohere  and  prevent  the  penetration  of  more  water. 
These  lumps  were  broken  up  by  shaking  the  suspension  with  steel 
shot,  and  in  eight  days  all  the  amorphous  material  had  been  con- 
verted into  fine  crystals  of  hydrated  tricalcium  aluminate.  The 
material  was  dried  for  two  hours  on  a  steam  plate  at  100°  and  the 
analysis  gave: 


Molecules 


AljO 
CaO. 
H2O. 


1.0 
3.0 
5.5 


This  corresponds  to  the  formula  of  3CaO.  AI2O3.5 1  /2H2O.  Another 
portion  of  the  material  was  dried  in  a  vacuum  dessicator  over 
sulphuric  acid  for  48  hours,  and  had  the  composition  of  3CaO. 
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ALO3.9H2O.  The  water  content  as  determined  should  be  consid- 
ered more  or  less  approximate,  since  the  vapor-pressure  method 
must  be  used  when  the  highest  degree  of  accuracy  is  required. 

6.  DIALYSIS  EXPERIMENT 

In  an  effort  to  ascertain  whether  with  actual  solution  in  a  large 
excess  of  water  the  aluminates  are  hydrolyzed  into  calcium  and 
aluminum  hydrates,  Stem's  ^^  experiment  was  repeated.  The 
apparatus,  a  diagram  of  which  is  given  in  Fig.  9,  consisted  of  a 
two-hole  bell  jar  (A)  on  a  glass  plate  (B)  with  a  ground  contact 


Fig.  9. — Showing  filtering  and  dialysing  apparatus 

which  was  made  air-tight.  Connections  were  made  at  (C)  with  a 
vacuum  pump  and  at  (D)  with  the  flask  (I)  and  the  potash  train. 
Inside  the  jar  was  placed  a  beaker  (E)  containing,  suspended,  a 
funnel  (F)  and  a  piece  of  wide  glass  tubing  (G) ,  around  one  end  of 
which  was  stretched  a  parchment  paper  (H)  as  dialyzing  mem- 
brane. The  parchment  was  examined  carefully  with  2.  hand  glass 
and  microscope  for  flaws.  A  little  tricalcium  aluminate  was 
mixed  with  a  large  excess  of  water  in  the  flask  (I) ,  and  the  flask 
was  shaken  at  intervals  for  ten  days  until  a  saturated  solution  had 

isChem.  Ztg.,  32,  pp.  1029-1031;  1908. 


Hydration  of  Portland  Cement  19 

been  formed.  Care  was  taken  to  exclude  carbon  dioxide,  owing 
to  its  great  affinity  for  hydrated  aluminates;  but  with  all  precau- 
tions some  calcium  carbonate  was  formed,  and  it  was  necessary 
to  filter  this  together  with  the  solid  hydrated  tricalcium  aluminate 
before  dialysis  could  be  carried  out.  To  avoid  any  further  car- 
bonation,  it  was  necessary  first  to  remove  all  carbon  dioxide  from 
the  bell  jar  containing  the  beaker  (H)  and  then  to  filter  the  solution 
into  the  beaker.     This  was  accomplished  in  the  following  manner: 

The  necessary  amount  of  distilled  water  free  from  carbon 
dioxide  was  placed  into  the  dialyzing  tube  (G),  the  bell  jar  (A) 
was  hermetically  sealed  on  plate  (B) ,  and  at  (D)  connection  was 
made  with  the  potash  train  by  closing  the  cock  (L).  The  cock 
(N)  was  closed,  and  by  means  of  the  vacuum  pump  the  bell  jar 
was  evacuated.  Then  the  cock  on  the  force-pump  line  (not  shoAvn 
in  diagram)  was  closed,  and  (N)  was  opened  sufficiently  to  allow 
a  steady  stream  of  air  free  from  carbon  dioxide  to  enter  the  bell 
jar.  This  operation  was  repeated  five  times.  Connection  was 
then  made  through  the  flask  by  closing  (N).  By  regulating  the 
force  pump  and  the  cock  (L)  the  contents  of  the  flask  was  siphoned 
drop  by  drop  through  the  filter  (F)  and  into  the  beaker  (E),  the 
operation  being  carried  out  in  an  atmosphere  entirely  free  from 
carbon  dioxide. 

The  apparatus  was  allowed  to  stand  for  1 1  days  before  the  con- 
tents of  the  dialyzing  tube  (G)  was  analyzed.  Contrary  to  Stem's 
statement,  both  lime  and  alumina  were  found,  and  in  the  propor- 
tion of  almost  3  to  I.  This  tends  to  show  that  the  lime  and 
alumina,  which  passed  through  the  parchment,  did  so  as  the 
hydrated  tricalcium  aluminate  and  that  there  was  no  hydrolytic 
dissociation. 

7.  HYDRATION  OF  TRICALCIUM  ALUMINATE  CONTAINING  5:3  CALCIUM 
ALUMINATE  AND  FREE  LIME,  WITH  WATER 

As  free  lime  has  been  found  by  microscopic  investigation  to  be 
a  usual  constituent  of  high  limed  cements,  a  sample  of  material, 
containing  about  20  per  cent  less  alumina  than  that  required  to 
form  the  tricalcium  aluminate,  was  burned  and  then  examined 
petrographically.  The  major  portion  of  the  material  consisted 
of   tricalcium    aluminate,    but    a   considerable    amount   of   high- 
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burned  free  lime  and  a  minute  quantity  of  5 13  calciuru  aluminate 
were  also  noted. 

(.4)  Hydration  in  Steam  at  Atmospheric  Pressure. — The  most 
marked  temperature  variations  of  all  the  specimens  were  noted 
here.  For  instance,  in  hydrating  a  sample  at  110°,  it  was  noted 
that  for  20  minutes  after  the  beginning  of  the  operation  the  inner 
thermometer  showed  110-111°  and  the  outer  118°.  At  the  end 
of  this  period  the  inner  temperature  suddenly  fell  to  101°,  and  it 
became  necessary  to  bring  the  outside  temperature  to  190°  before 
the  inner  temperature  rose  to  the  required  point.     It  was  found 
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Fig.  10. — Showing  the  hydration  of  tricalcium  aluminate,  j:j  calcium  aluminate  and 

lime  in  steam 

necessary  to  hold  the  outer  temperature  at  190°  during  the  rest 
of  the  period,  because  of  this  strong  endothermic  reaction.  The 
hydration  of  this  mixture  of  compounds  at  110°  for  one  hour 
showed  a  little  unhydrated  lime,  amorphous  lime  hydrate,  but  no 
crystalline  hydrate,  and  a  small  amount  of  hydrated  tricalcium 
aluminate.  With  increase  in  time  much  larger  amounts  of  mate- 
rial were  hydrated,  though  even  at  the  end  of  four  hours  not  all 
the  lime  had  been  converted  into  hydrate.  With  increase  in 
temperature  the  amount  of  hydrated  material  decreased.  How- 
ever, the  lime  did  not  cease  hydrating  at  175°,  the  limit  of  the  test. 
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The  quantities  of  water   absorbed   are  given   below  and   shown 
diagrammatically  in  Fig.   lo. 


110° 

125° 

140° 

150° 

175° 

1  IiQur 

Per  cent 

8.90 

9.91 

11.85 

Per  cent 

7.60 
8.29 
9.76 

Per  cent 
6.04 
7.20 
8.54 

Per  cent 

6.03 

Per  cent 
6.00 

2  hours           

4  hours 

,  The  curve  of  the  percentage  water  absorption  is  nearly  a  straight 
line  for  higher  temperatures,  showing  that  the  free  lime  was  still 
being  hydrated. 

(B)  Hydration  on  Slide. — Hydrated  with  excess  of  water  on  the 
slide  the  specimen  showed  crystallized  hydrated  tricalcium  alu- 
minate  and  amorphous  material,  some  of  which  gave  the  charac- 
teristic lime  phenolate  crystals  with  White's  reagent. 

(C)  Hydration  in  Autoclave. — A  specimen  hydrated  in  the  auto- 
clave also  gave  crystallized  hydrated  tricalcium  aluminate  as  well 
as  amorphous  material.  In  addition  a  few  incompletely  developed 
crystals  of  calcium  hydrate  were  noted. 

(D)  Hydration  of  Molded  Specimens. — A  specimen  hydrated 
with  30  per  cent  water  and  molded  into  a  cube,  showed  after  24 
hoiu-s  amorphous  calcium  hydrate,  amorphous  hydrated  alumi- 
nate, and  considerable  unhydrated  material,  including  free  lime. 

8.  HYDRATION  OF  LIME 

The  previous  results  of  the  hydration  of  the  aluminate  mixed 
with  free  lime  in  steam  at  atmospheric  pressure  show  that  with 
steam  acting  on  material  passing  through  the  200-mesh  sieve  no 
crystalline  calcium  hydroxide  is  formed  while  in  the  autoclave  with 
the  same  material  hexagonal  plates  of  hydrate  are  found,  indi- 
cating that  with  increased  heat  and  increased  pressure  lime  is 
taken  into  solution  and  crystallized  out.  To  determine  whether 
the  presence  of  an  excess  of  water  was  responsible  for  this  phe- 
nomena, a  number  of  lime  samples  burned  at  various  tempera- 
tures from  1200  to  1400°  for  one  hour  were  exposed  on  slides  after 
preliminary  sifting.  The  sample  burned  at  1400°  and  passing  the 
200-mesh  sieve  after  48  horn's  hydration  on  the  slide  consisted 
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mainly  of  amorphous  hydroxide  with  a  small  amount  of  crystal- 
line material  tending  toward  hexagonal  development,  showing 
birefringence  but  too  poorly  developed  to  permit  of  determination 
of  optical  constants.  The  material  retained  on  the  200-mesh 
sieve  showed  considerable  crystallized  hydroxide  in  rounded  to 
hexagonal  and  prismatic  crystals,  which  grew  very  little  in  28 
day's  time.  Lime  burned  at  1300  to  1400°  C — in  other  words,  at 
temperatures  approximating  cement  kiln  usage — is  referred  to  as 
high-burned  lime.  This  is  in  contradistinction  to  low-burned  lime, 
which  is  that  burned  at  lime-kiln  temperatures  (about  1100°  C). 

The  material  burned  at  1300°  and  retained  on  the  200-mesh 
sieve  also  showed  considerable  amounts  of  crystallized  hydroxide, 
while  that  burned  at  1200°  showed  mainly  amorphous  hydroxide 
with  a  few  grains  of  doubly  refracting  material.  Furthermore,  a 
slide  consisting  of  a  commercial  high  calcium  lime  in  water  showed 
only  amorphous  calcium  hydroxide.  This  indicates  clearly  that 
the  burning  temperature  and  the  fineness  of  grain  are  controlling 
factors  in  determining  whether  the  hydrated  product  will  be 
amorphous  or  crystalline.  Given  the  same  fineness  with  decreas- 
ing burning  temperature,  the  rate  of  hydration  is  increased  so 
that  supersaturated  solutions  are  quickly  formed  and  the  lime  pre- 
cipitated in  the  amorphous  condition,  while  as  the  burning  tem- 
perature increases  the  lime  goes  more  slowly  into  solution  and 
forms  a  supersaturated  solution  very  slowly,  thus  permitting 
crystal  growth. 

Further  tests  were  made  by  exposing  the  lime  burned  at  1400° 
to  water  vapor.  The  material  passing  the  200-mesh  sieve  and 
that  retained  on  it  were  placed  for  seven  days  on  slides  over  water 
contained  in  a  jar.  At  the  end  of  this  time  the  fine  material  (that 
passing  through  the  200-mesh  sieve)  was  quite  damp  and  soft, 
and  consisted  almost  entirely  of  amorphous  hydroxide  with  a  few 
grains  showing  gray  to  white  interference  colors.  The  material 
retained  on  the  sieve  was  quite  dry,  but  lost  5.6  per  cent  on  igni- 
tion and  consisted  mainly  of  small  calcium  hydrate  crystals  and 
a  little  amorphous  material.  According  to  Goldammer  ^^  the  solu- 
bility of  lime  hydrate  decreases  with  rise  of  temperature,  lime 

1'  Pharm.  Centrallr.,  26,  p.  442;  1890. 
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fiaving  the  power  to  form  supersaturated  solutions,  while  lime 
hydrate  has  not.  We  should  therefore  expect  the  hydrate  in  the 
autoclave  to  be  unchanged,  while  the  lime,  according  to  its  fine- 
ness, would  yield  crystallized  or  amorphous  hydrate.  This  was 
found  to  be  true  at  all  temperatures  and  pressures  employed. 

Calcium  hydroxide  crystallizes  as  short,  flaky,  tubular  hexa- 
gonal crystals.  Twinning  has  never  been  observed,  but  the  crys- 
tals sometimes  show  parallel  grouping  and  skeletal  development. 
Very  good  cleavage  is  observed  parallel  to  (0001).  Under  the 
microscope  they  show  a  clear  hexagonal  outline  when  orientated 
perpendicular  to  the  "c"  crystallographic  axis,  but  when  resting 
on  edge  they  exhibit  a  prismatic  to  an  acicular  structure.  The 
double  refraction  is  medium,  the  interference  colors  varying  con- 
siderably with  the  thickness  of  the  grain  and  its  orientation. 
Some  of  the  hydroxide  crystals  are  thick  enough  to  show  third 
and  fourth  order  interference  colors.  The  indices  of  refraction 
are  as  follows:  /^o  =  i. 581  ±0.002,  //e  =  1.557 ±0.002.  /^o  — /«e  meas- 
ured on  a  grain  orientated  parallel  to  "c"  axis  =  0.023  ±0.003. 
The  interference  figure  is  uniaxial  and  the  optical  character  is 
negative.  Lime  hydrate  resembles  hydrated  tricalcium  aluminate 
very  closely,  but  is  differentiated  by  the  fact  that  the  crystals  of 
the  former  are  invariably  larger  and  have  a  higher  index  of  refrac- 
tion. A  form  of  lime  hydrate  crystallizing  in  the  orthorhombic 
system  has  been  mentioned  by  Glinka  ^^  but  this  was  not  observed. 

9.  ALUMINATES  HYDRATED  IN  CALCIUM  HYDROXIDE,  Ca  (OH)2 

In  determining  the  effect  of  calcium  hydroxide  on  the  alumi- 
nates,  no  tests  in  steam  at  atmospheric  pressure  were  made  be- 
cause of  the  poor  crystal  development  obtained  by  steam  on  the 
aluminates  alone.  Molded  specimens  of  the  aluminates  were  hy- 
drated for  various  lengths  of  time  and  other  samples  were  heated 
in  the  autoclave  up  to  300  pounds.  Furthermore,  slides  were 
made  of  the  various  aluminates  hydrating  in  saturated  hydroxide 
solutions.  In  every  case  the  resultant  products  were  examined 
microscopically . 

{A)  Hydration  on  Slides. — The  hydration  on  slides  showed  the 
same  products  as  those  observed  on  slides  with  distilled  water. 

"  Bull.  Soc.  fr.  Min.  110,  p.  63;  1887. 
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Tricalcium  aluminate  hydrated  as  such  without  the  formation  of 
amorphous  material.  5:3  calcium  aluminate  split  off  hydrated 
alumina  and  formed  needles,  plates,  and  spherulites  of  hydrated 
tricalcium  aluminate.  Monocalcium  aluminate  acted  the  same 
way,  but  split  off  more  alumina.  No  new  type  of  crystals  which 
might  indicate  hydrated  tetracalcium  aluminate  was  observed. 

{B)  Hydration  of  Molded  Specimens. — A  number  of  specimens 
were  mixed  with  30  per  cent  of  water,  placed  in  molds  and  allowed 
to  harden  under  a  damp  cloth  for  24  hours.  At  the  end  of  this 
time  they  were  removed  from  the  molds  and  stored  for  seven  days 
in  tightly  stoppered  bottles,  some  filled  with  distilled  water,  others 
with  limewater.  In  the  specimen  of  monocalcium  a  luminate  in 
water  the  microscopical  examination  showed  much  amorphous 
material,  a  few  grains  still  unhydrated,  and  a  considerable  number 
of  hydrated  tricalcium  aluminate  needles.  In.  the  specimen  hy- 
drated in  limewater,  there  were  more  needles  observ^ed  than  in 
pure  water,  indicating  an  action  between  the  hydrated  alumina 
split  off  and  the  calcium  hydroxide  of  the  solution.  Gmelin  ^^ 
states  that  hydrated  alumina  absorbs  calcium  hydroxide  forming 
with  it  an  insoluble  combination. 

The  specimen  of  5 13  calcium  aluminate  hydrated  in  water  and 
in  limewater  showed  no  difference  in  hydration. 

The  tricalcium  aluminate  specimens  contained  fewer  needles  in 
both  water  and  hydrate  solution  than  either  of  the  other  two  alu- 
minates.  At  the  same  time  their  ignition  losses  were  higher. 
This  is  due  to  the  fact  that  at  the  moment  of  hydration  a  dense 
amorphous  material  was  formed  which  held  its  water  tenaciously 
and  did  not  give  it  up  at  100°.  The  specimen  hydrated  in  lime- 
water  contained  still  unhydrated  grains  at  the  end  of  seven  days, 
and  in  addition  a  few  small  hexagonal  plates  and  needles  were 
found.  The  same  compound  kept  in  water  also  contained  unhy- 
drated grains  at  the  end  of  seven  days. 

Another  set  of  specimens  was  mixed  with  5  per  cent  of  dry  cal- 
cium hydroxide  and  with  30  per  cent  of  water,  stored  for  24  hours 
under  a  damp  cloth  and  then  placed  in  water  and  limewater,  for 
28  days.     The  monocalcium  aluminate  specimen  showed  at  the 

*^  Handbook  of  Chemistry,  III,  p.  327;  1849. 
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end  of  this  period  no  unhydrated  material,  considerable  amorphous 
material  and  small  needles,  spherulites,  and  plates  of  hydrated  tri- 
calcium  aluminate,  while  the  specirnen  hydrated  in  lime  hydrate 
solution  showed  a  better  needle  development.  The  5:3  calcium 
aluminate  specimens  showed  no  visible  difference  in  the  two  solu- 
tions. No  unhydrated  material  was  present.  The  tricalcium  alu- 
minate specimens  likewise  showed  amorphous  material,  needles, 
and  plates.  The  period  from  7  to  28  days  was  therefore  sufficient 
to  hydrate  all  the  material  and  cause  an  increase  in  the  number 
and  size  of  the  hydrated  tricalcium  aluminate  cr3^stals. 

According  to  Le  Chatelier  ^^  and  Read,^^  a  tetracalcium  alumi- 
nate was  obtained  by  hydrating  cement  with  limewater,  but  in 
no  case  did  the  addition  of  calcium  hydroxide  in  any  way  change 
the  composition  or  the  character  of  the  crystalline  hydration 
products. 

In  addition,  a  2-gram  sample  of  tricalcium  aluminate  was  shaken 
for  10  days  in  a  closed  flask  with  calcium  hydroxide  solution  until 
all  the  material  had  been  converted  from  the  amorphous  to  the 
crystalline  state.  The  suspension  was  then  filtered,  washed  with 
alcohol,  and  dried  in  a  dessicator  over  sulphuric  acid  for  24  hours, 
and  the  analysis  of  the  residue  gave  a  compound  of  the  formula 

(C)  Hydration  in  the  Autoclave. — The  various  aluminates  hy- 
drated with  an  excess  of  limewater  in  the  autoclave  for  two  hours 
at  300  pounds  pressure  gave  products  which  in  no  way  differed 
from  those  obtained  in  the  autoclave  with  water.  The  chief  dis- 
tinction noted  was  in  the  greater  amount  of  plate  crystals  formed. 

These  hexagonal  crystals  were  peculiar  in  that  frequently  only 
three  sides  of  the  hexagon  were  present,  the  rest  of  the  crystal 
being  irregularly  shaped.  The  aluminates  were  in  every  case 
completely  hydrated  after  two  hours,  there  being  no  grains  present 
with  unhydrated  centers  and  hydrated  edges. 

In  the  autoclave  the  addition  of  calcium  hydroxide  in  dry  powder 
decidedly  retarded  the  crystal  growiih  of  the  aluminates.  This  was 
particularly  noticeable  in  the  specimens  of  5 : 3  calcium  aluminate 
in  which,  with  i  per  cent  dry  hydroxide,  small  plates  were  noted; 


'  J.  Soc.  Chem.  Ind.,  3,  pp.  485-486;  1884.  21  ibjd.  29,  p.  735;  1910. 
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with  lo  per  cent  hydroxide  these  had  disappeared,  and  with  50  per 
cent  hvdroxide  only  amorphous  material  was  observed.  With  the 
trialuminate  the  effect  was  manifested  in  a  retarding  action  on  the 
hydration.  With  i  per  cent  hydroxide,  a  little  unhydrated  alumi- 
nate  and  quite  a  few  crystals  were  noted.  With  10  per  cent 
hydroxide  considerable  unhydrated  aluminate  was  present, 
together  with  amorphous  hydrate,  though  a  few  crystals  were 
observed.  With  50  per*  cent  the  amount  of  hydrated  material  had 
decreased,  and  the  crystals  had  almost  completely  disappeared.^^ 

10.  ALUMINATES  HYDRATED  WITH  CALCIUM  SULPHATE  (CaSO^) 

With  the  addition  of  plaster  of  Paris  (CaS04.i/2H20)  to  the  alu- 
minates  all  the  various  hypotheses  concerned  in  the  setting  of  cement 
bejome  involved.  The  field  is  very  broad  and  requires  that  con- 
sideration be  given  to  all  the  salt  solutions  used  to  accelerate  and 
retard  setting.  Since  this  investigation  deals  only  with  the 
hydration  of  cement,  the  problem  is  confined  to  the  changes  taking 
place  in  the  aluminates  with  the  addition  of  plaster,  this  being  an 
almost  universal  constituent  of  Portland  cement. 

{A)  Hydration  of  Molded  Specimens. — Tests  were  made  by  mix- 
ing the  specimens  with  calcium  sulphate  solutions  of  various 
known  strengths.  The  first  effect  noted  was  the  prevention  of  the 
evolution  of  any  considerable  amount  of  heat.  This  was  particu- 
larly noticeable  in  the  case  of  tricalcium  aluminate,  which,  on 
mixing  with  25-30  per  cent  of  water,  evolved  sufficient  heat  to 
drive  off  part  of  the  water  as  steam.  This  specimen  was  particu- 
larly examined  for  the  presence  of  free  lime.  Its  absence  showed 
that  the  heat  evolved  was  entirely  due  to  the  combination  of  water 
with  the  aluminate.  Amorphous  material  was  formed  which  was 
granular  and  had  little  cohesion.  With  the  specimens  hydrated 
in  calcium  sulphate  solution  the  amorphous  material  was  still 
formed,  but  at  a  slower  rate,  and  the  heat  evolution  was  much 
lessened.  To  determine  the  effect  of  calcium  sulphate  solution  on 
the  extent  of  hydration,  a  number  of  samples  were  mixed  with  30 
per  cent  calcium  sulphate  solutions  of  known  strengths.  These 
were  allowed  to  harden  for  24  hours,  then  stored  in  water  for  6 

**  Ninth  Ann.  Trans.  Nat.  Assoc.  Lime  Mnfrs.,  pp.  16-25;  1911. 
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days,  and  dried  for  2  hours  at  100°.     The  ignition  losses  were  as 
follows : 


strength  of  calcium  sulphate  solution 


0.01  per 
cent 

0.05  per 
cent 

0.1  per 
cent 

Per  cent 

Per  cent 

Per  cent 

29.20 

28.90 

28.18 

27.38 

27.86 

26.78 

24.50 

25.06 

23.06 

Satu- 
rated 
solution 


Monocalcium  aluminate 
5:3  calcium  aluminate... 
Tricalcium  aluminate. . . 


Per  cent 
30.12 

28.84 
27.28 


It  is  noticeable  that  the  o.i  per  cent  solution  gave  the  lowest 
results  in  each  case,  and  this  effect  will  be  referred  to  later  in  con- 
nection with  setting  time.  The  saturated  solutions  gave  the  high- 
est ignition  losses.  It  is  believed  that  the  slower  rate  of  hydration 
which  occurs  with  the  saturated  solution  permits  greater  penetra- 
tion of  water  toward  the  center  of  each  grain.  Microscopic  obser- 
vations have  shown  that  hydration  takes  place  first  around  the 
edges  of  each  grain  and  slowly  proceeds  toward  the  center.  Thus 
in  the  case  of  the  aluminates,  containing  no  plaster,  the  amorphous 
gelatinous  mass  is  formed  instantly  around  each  grain,  preventing 
the  ready  penetration  of  water.  Plaster,  therefore,  tends  to  keep 
the  pores  of  amorphous  material  open. 

It  is  very  interesting  to  note  that  with  monocalcium  aluminate, 
after  seven  days'  hydration,  only  that  specimen  hydrated  in  satu- 
rated calcium  sulphate  solution  showed  complete  hydration,  while 
those  hydrated  in  weaker  solutions  showed  unhydrated  cores  sur- 
rounded by  hydrated  material.  In  the  case  of  5 : 3  calcium  alumi- 
nate at  the  end  of  seven  days  there  was  still  a  small  amount  of 
unhydrated  material.  The  saturated  calcium  sulphate  solution, 
however,  g3.ve  the  best  crystal  development.  With  tricalcium 
aluminate  the  above  was  likewise  true,  both  amorphous  and  crys- 
talline hydrated  tricalcium  aluminate  being  present.  The  reason 
for  the  presence  of  unhydrated  material  in  the  last  two  aluminates 
and  not  in  monocalcium  aluminate  is  due  to  the  fact  that  amor- 
phous hydrated  alumina  is  present  in  the  monocalcium  aluminate 
specimens,  a  less  amount  in  5:3  calcium  aluminate,  and  none  in 
the  tricalcium  aluminate.  This  material  coagulates  very  slowly, 
allowing  a  ready  penetration  of  water,  and,  therefore,  a  correspond- 


28 


Technologic  Papers  of  the  Bureau  of  Standards 


ing  greater  hydration.  At  the  same  time  it  dries  out  to  a  hard 
dense  mass,  the  monocalcium  aluminate  giving  very  strong  speci- 
mens as  compared  with  the  other  two.  In  all  the  above  specimens 
minute  crystallites  of  a  new  compound,  calcium  sulphoaluminate, 
were  noted. 

{B)   Theories  Concerning  Retardation  of  Initial  Set  by  the  Use 
of  Plaster. — The  effect  of  variation  in  the  per  cent  of  plaster  above 
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Fig.  II. — Showing  the  per  cent  plaster — time  of  set  curve  for  tricalcium  aluminate 

or  below  a  certain  definite  concentration,  causing  a  decrease  in  the 
setting  time,  has  been  noted  by  Rohland  ^^  and  other  observers. 
The  fact  that  a  minimum  and  a  maximum  concentration  of  cal- 
cium sulphate  gives  a  rapid  set  and  an  intermediate  concentration 
a  slow  set  (see  Fig.  ii)  seems  to  disprove  Reibling's  theory  ^*  that 
as  plaster  dissolves,  it  ionizes  and  reduces  the  solubility  of  other 
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calcium  ions  already  present,  causing  free  lime  to  be  less  rapidly 
dissolved,  the  hydration  of  the  aluminate  to  take  place  more 
slowly,  and  the  setting  to  be  retarded.  If  this  were  the  case,  then 
increasing  amounts  of  plaster  should  give  a  correspondingly  slower 
set,  on  account  of  the  continued  decrease  in  the  solution  of  other 
lime  ions  already  present. 

The  sulphoaluminate  theory  does  not  suffice  to  explain  the  retar- 
dation of  the  setting  of  cements.  In  observing  the  behavior  of 
the  above  specimens  under  the  microscope,  no  selective  action 
with  the  water  present  could  be  noted.  The  aluminate  began  at 
once  to  hydrate,  and  at  the  same  time  sulphoaluminate  needles 
were  formed,  their  quantity  steadily  increasing  from  the  begin- 
ning to  the  end  of  the  initial  set.  However,  their  number  at  any 
time  was  very  small,  and,  increasing  the  amount  of  plaster,  though 
increasing  the  amount  of  sulphoaluminate  needles,  did  not  retard 
the  set.  Fin-thermore,  the  formation  of  sulphoaluminate  needles 
is  not  sufficient  to  account  for  the  retarding  action  of  salts,  such  as 
calcium  chloride,  sodium  borate,  potassium  bichromate,  sugar,  or 
other  carbohydrates,  which,  so  far  as  is  known,  do  not  form  insolu- 
ble compounds  with  aluminates  at  the  concentration  used. 

The  problem  of  the  retardation  of  the  setting  of  cement  appears 
to  be  one  involving  the  action  of  electrolytes  carrying  positive  or 
negative  charges.  This  field  has  been  investigated  by  colloid 
chemists  and  is  treated  in  a  general  way  by  authors  on  colloid 
chemistry,  i.  e.,  Freundlich,  ^^  Ostwald,  ^^  Poschl,  ^^  etc.  Roh- 
land  2^  has  attempted  to  apply  the  general  principles  to  the  par- 
ticular case  of  Portland  cement.  Although  the  action  of  electro- 
l3rtes  offers  the  best  explanation  so  far  found,  nothing  has  been 
definitely  proven,  and  much  more  work  must  be  done  on  the 
problem. 

In  referring  to  setting  as  a  problem  dealing  with  the  action  of 
electrolytes,  there  seems  to  be  an  analogy  with  the  results  obtained 
by  the  Ceramic  Division  of  the  Bureau  in  using  the  process  for 

2^  Kapillarchemie,  1909;  Die  Einwirkung  der  Elektrolyte  auf  Suspensionkolloide,  pp.  345-364;  Einfluss 
der  Elektrolyte  auf  grobe  Suspensionen,  pp.  365-368. 

25  Grundriss  der  Kolloidchemie,  pp.  467-505;  1910. 

^  The  Chemistry  of  Colloids,  pp.  14-17;  1910. 

28  Zs.  Angew.  Chem.,  16,  pp.  1049-1055. 1903;  Tonind.  Ztg.,  28,  p.  77, 1904;  Chem.  Ztg.,  30,  pp.  1173-1174, 
1906;  Zs.  Chem.  Ind.  KoUoide,  8,  pp.  251-253,  1911. 
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thinning  clay  slips  by  means  of  electrolytes.  In  this  process  ex- 
tremely small  quantities  of  an  electrolyte  are  added  to  a  clay  slip. 
At  definite  concentrations  of  electrolytes  in  the  slip  there  are  points 
of  maximum  and  minimum  viscosity.  At  the  point  of  minimum 
viscosity  the  less  finely  dispersed  matter  settles  out  fairly  rapidly, 
while  the  finely  divided  material  stays  in  suspension.  By  increas- 
ing or  decreasing  the  concentration  of  electrolytes  complete  coagu- 
lation results.  The  curve  is  of  the  same  general  nattire  as  that 
shown  for  the  per  cent  of  plaster-time  curve  for  tricalcium  alumi- 
nate.  It  is  evident  here  that  with  2  per  cent  plaster  the  amor- 
phous material  formed  by  the  addition  of  water  can  least  readily 
coagulate  and  separate  as  a  solid  from  the  semiliquid  mass,  while 
at  another  concentration  of  plaster  the  conditions  for  coagulation 
are  more  favorable  and  the  separation  of  a  solid  mass  occurs  in  a 
shorter  time. 

McKenna  ^^  has  called  attention  to  the  fact  that  the  amorphous 
material  separates  in  at  least  two  stages,  normal  cements  showing 
at  about  the  third  hour  a  relaxation  of  the  first  stiffening,  followed 
by  a  resumption  of  the  hardening.  The  explanation  given  is  that 
the  break  indicates  the  separation  of  a  compound  from  super- 
saturated solution  and  softening  of  the  amorphous  mass  by  the 
freed  water.  I;ater  by  absorption  of  water  hardening  proceeds. 
Bleininger  ^°  likewise  states  that  the  conductivity  of  a  paste  of 
cement  and  water  increases  enormously  at  the  time  of  initial  set, 
which  is  in  favor  of  a  supersaturation  theory. 

The  evidence,  therefore,  is  in  favor  of  the  fact  that  the  alumi- 
nates  coagulate  and  separate  as  amorphous  bodies  from  a  super- 
saturated solution,  the  rate  of  coagulation  being  affected  by  such 
small  quantities  of  electrolytes  as  to  preclude  the  possibility  of  the 
reaction  being  solely  a  chemical  one.  The  evidence  points  further 
to  the  fact  that  with  a  certain  and  definite  concentration  of  gyp- 
sum maximum  hydration  is  attained,  at  the  same  time  the  rate  of 
coagulation  is  reduced  to  a  minimum,  and  the  time  of  set  is 
lengthened. 

(C)   Calcium  Sulphoaluniinate  Hydrated. — An  interesting  feature 
of  these  microscopic  examinationswas  the  isolation  and  identifica- 

^J.  Ind.  Eng.  Chem.,  4,  pp.  110-114;  February,  1912.  3°  Hydraulic  Cements,  p.  341;  1904. 
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tion  of  calcium  sulphoaluminate  crystals.  An  increase  in  the 
amount  of  plaster  showed  a  steady  increase  in  the  amounts  of  sul- 
phoaluminate crystals,  and  above  3  per  cent  plaster  a  constantly 
increasing  amount  of  gypsum  crystals  was  noted.  The  extension 
of  these  tests  to  28  days  resulted  chiefly  in  an  increase  in  the 
amount  and  size  of  the  hydrated  tricalcium  aluminate  plates,  no 
amorphous  material  except  hydrated  alumina  (in  the  case  of  the 
5:3  calcium  aluminate  and  the  monocalcium  aluminate)  being 
present  at  the  end  of  this  period.  It  was  also  noted  that  the  sul- 
phoaluminate needles  could  be  found  only  in  the  undried  speci- 
mens, since  drying  at  100°  resulted  in  the  formation  of  hydrated 
tricalcium  aluminate  and  peculiar  club-shaped  crystals  of  calcium 
sulphate  differing  in  their  optical  properties  from  normal  gypsum. 
The  optical  constants  pointed  to  a  compound  having  a  composi- 
tion somewhere  between  that  of  anhydrite  and  gypsum. 

To  study  further  the  composition  of  sulphoaluminate,  a  sample 
of  tricalcium  aluminate  was  shaken  with  water  and  rapidly 
filtered  into  a  clear  saturated  calcium  sulphate  solution.  At  the 
end  of  one-half  hour  there  was  a  faint  cloudiness  in  the  solution 
which  persisted  for  several  days,  and  finally  a  few  flakes  or  scales 
were  deposited  on  the  side  of  the  containing  vessel.  As  they  were 
very  few  in  number,  a  solution  of  lime  hydrate  was  added,  and 
immediately  a  white,  apparently  gelatinous,  precipitate  formed, 
which  on  microscopical  examination  proved  to  be  homogeneous 
and  consisted  of  minute  prismatic  crystals. 

In  order  to  increase  their  size  the  solution  was  allowed  to 
evaporate  spontaneously  in  a  vacuum  desiccator  over  concentrated 
sulphuric  acid  until  the  solution  was  reduced  to  about  one-third 
of  its  original  bulk.  It  was  then  rapidly  filtered,  washed  with  lime 
hydrate  solution,  alcohol,  and  ether,  and  air  dried  for  two  hours. 
The  analysis  of  the  crystals  showed: 


• 

Per  cent 

com- 
position 

Molecules 

CaO 

26.1 

7.8 

19.9 

46.1 

6.0 

AI2O3 

1  0 

SO3 

3.0 

HjO 

36  5 

62255°- 

-14— 

—5 

32  Technologic  Papers  of  the  Bureau  of  Standards 

Hence  the  formula  of  the  calcium  sulphoaluminate  crystals  is 
3CaO.Al203.3CaS04.36>^H20. 

Another  sample  was  washed  with  lime  water,  alcohol,  ether,  and 
sucked  dry  with  the  filter  pump.  Its  formula  was  found  to  be 
3CaO.Al203.3CaS04.42H20.  These  needles  (see  Fig.  12)  were 
identical  optically  with  those  observed  by  hydrating  the  alumi- 
nates  on  a  slide  with  a  saturated  gypsum  solution. 

There  is  considerable  variation  in  the  water  content  reported 
by  various  experimenters,  such  as  19.5  per  cent  by  Klinkenberg,^^ 
55.71  per  cent  by  Candlot,^^  30  per  cent  by  Michaelis,^^  and  28.5 
per  cent  by  Deval.^* 

These  variations  in  water  content  indicate  the  ease  with  which 
it  loses  water,  all  of  it  being  lost  at  100°.  The  unsuccessful 
attempts  by  Bates  ^^  to  produce  a  compound  of  this  composition 
were  due  to  the  fact  that  fused  tricalcium  aluminate  was  used. 
This  compound  contained  besides  tricalcium  aluminate,  5:3  cal- 
cium aluminate,  and  free  lime.  The  latter  two  compounds  were 
formed  through  the  partial  disassociation  of  the  tricalcium  alumi- 
nate at  its  melting  point.  On  treating  it  with  water  gelatinous 
aluminum  hydroxide  was  formed  and  was  filtered  out  with  the 
rest  of  the  precipitate,  thus  upsetting  the  balance  of  the  elements 
in  the  analysis. 

iP)  Hydration  on  Slides. — The  method  followed  was  the  same 
as  that  employed  in  the  similar  investigation  with  water.  In  this 
case,  however,  a  saturated  solution  of  calcium  sulphate  was  used. 
Tricalcium  aluminate  began  to  hydrate  almost  immediately  with 
the  formation  of  needles  and  plates  of  hydrated  tricalcium  alu- 
minate. Shortly,  however,  there  began  to  form  extremely  fine 
needles  (see  Fig.  13),  which  were  very  difficult  to  observe  and 
could  be  seen  only  when  the  cone  of  light  from  the  substage  of  the 
microscope  was  reduced  to  almost  vertical  rays  by  closing  the 
substage  diaphragm.  Even  then  they  could  be  detected  only  after 
careful  study.  These  needles,  while  always  remaining  long  and 
slender,  grew  in  size  and  thickness  until  interference  colors  were 

^1  Dingler's  Poly.  J.,  249,  pp.  89-95;  1894. 

2*  Bull.  Soc.  D' Encouragement,  73,  pp.  685-716;  1890. 

w  Proc.  Inst.  Civil  Eng.,  107,  p.  370;  1892. 

^*  Bull.  Soc.  D' Encouragement,  pp.  30-54;  January,  1900. 

^  Tech.  Paper,  Bureau  of  Standards,  No.  12,  pp.  37-39;  1912. 
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Fig.  12. — Showing  long  slender  needles  of  calcium  sulphoaluminate 
obtained  by  the  reaction  of  solutions  of  tricalcium  aluminate  and 
calcium  sulphate.  This  was  taken  without  nicols  and  the  viagnifi- 
cation  =  400  diameters 


Fig.  13. — Showing  fine  needles  of  calcium  sulphoaluminate  observed 
on  a  slide  of  tricalcium  aluminate  hydrated  in  a  calcium  sulphate 
solution.  This  was  taken  without  nicols,  and  the  magnification 
=  280  diameters 
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observed  with  crossed  nicols.  The  maximum  color  noted  was 
white  of  the  first  order,  showing  a  low  double  refraction. 

In  order  to  study  more  carefully  the  optical  constants  of  this 
new  compound,  a  slide  was  hydrated  until  apparent  maximum 
crystal  growth  was  attained.  It  was  then  dried  in  a  vacuum  des- 
sicator,  care  being  taken  not  to  dry  too  long,  since  it  was  found 
that  sulphuric  acid  absorbed  the  water  of  crystallization  from  the 
sulphoaluminate  crystals.  Generally  about  one  hour  was  suffi- 
cient to  dry  the  slide. 

Microscopic  observations  of  the  sulphoaluminate  crystals  showed 
their  long  prismatic  development.  Twinning  was  not  noted,  but 
occasionally  irregular  intergrowths  were  observed.  The  crystals 
showed  low  interference  colors  ranging  from  black  to  white  of  the 
first  order.  The  character  of  the  principal  zone  was  negative  and 
the  extinction  parallel.  The  indices  of  refraction  could  not  be 
obtained  quantitatively,  since  they  were  lower  than  1.48  (the 
lowest  index  in  our  series  of  immersing  liquids) .  The  interference 
figure  was  biaxial  with  a  large  optic  axial  angle.  Owing  to  the 
low  double  refraction  the  interference  figures  showed  only  black 
bars  with  hazy  outlines,  and  no  color  isogyres  were  noted.  The 
optical  character  was  positive.  These  crystals  could  easily  be 
distinguished  from  the  hydrated  tricalcium  aluminate  crystals  by 
their  lower  double  refraction,  different  character  of  their  principal 
zone,  and  different  prismatic  development,  the  terminations  being 
flat,  perpendicular  to  the  long  axis  of  the  prism,  and  not  pointed, 
as  in  the  case  of  the  hydrated  tricalcium  aluminate. 

The  5:3  calcium  aluminate  slide  started  to  hydrate  very  soon 
with  the  formation  of  amorphous  material,  spherulites,  needles, 
and  hexagonal  plates  noted  in  the  h3^dration  of  slides  with  water. 
At  the  same  time  crystals  of  sulphoaluminate  were  formed  having 
optical  properties  identical  with  those  observed  in  the  hydration 
of  tricalcium  aluminate  in  calcium  sulphate  solution.  They  were, 
however,  larger  and  more  easily  observed.  As  in  the  previous 
case  the  specimen  was  dried  in  the  desiccator  and  examined  while 
immersed  in  liquids  of  known  refractive  indices. 

The  monocalcium  aluminate  slide  hydrated  in  a  short  time  and 
gave  the  same  resulting  products  as  the  5  :3  calcium  aluminate 
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slide.  The  amount  of  amorphous  hydrated  alumina  was  greater 
and  the  crystals  of  sulphoaluminate  were  better  developed.  The 
optical  constants  of  the  latter  were  identical  with  those  of  the 
sulphoaluminates  observed  on  the  tricalcium  aluminate  and  5:3 
calcium  aluminate  slides,  and  as  has  been  stated  before,  they  were 
identical  with  the  needle  crystals  obtained  by  the  action  of  a  solu- 
tion of  tricalcium  aluminate  on  a  saturated  calcium  sulphate 
solution. 

Hydration  on  slides  with  mixtures  of  one  part  lime  hydrate  and 
one  part  calcium  sulphate  solution  gave  no  new  hydration  products 
but  increased  the  quantity  of  sulphoaluminate  crystals. 

{E)  Hydration  in  the  Autoclave. — No  sulphoaluminate  needles 
were  observed  in  any  specimens  which  were  exposed  to  the  auto- 
clave test,  and,  as  Kiihl  ^^  has  pointed  out,  the  heat  of  the  steam 
bath  is  sufficient  to  break  up  the  compound  into  its  component 
constituents.  However,  club-shaped  crystals  were  noted.  As 
had  been  noted  before,  from  optical  considerations  these  crystals 
have  a  composition  between  that  of  gypsum  and  that  of  anhydrite. 
They  have  a  higher  index  than  the  former;  «f=  1.561  ±0.003  ^^^ 
ry=  1.5 yy-j- 0.003.  The  crystals  show  parallel  extinction,  medium 
low  double  refraction,  and  interference  colors  of  the  first  order. 
The  character  of  the  principal  zone  is  positive,  and  the  interfer- 
ence figures  are  biaxial. 

That  these  club-shaped  crystals  are  intermediate  in  composition 
between  gypsum  and  anhydrite  is  shown  by  the  fact  that  the  index 
of  refraction  and  the  double  refraction  are  both  greater  than  that 
of  gypsum  and  less  than  that  of  anhydrite.  The  extinction  is 
identical  with  that  of  the  latter. 

Monocalcium  aluminate  hydrated  with  various  amounts  of 
plaster  at  300  pounds  pressure  for  two  hours  showed  amorphous 
material,  and  a  few  hexagonal  and  needle  crystals  of  hydrated  tri- 
calcium aluminate.  The  same  was  true  of  5 13  calcium  aluminate, 
which  showed  an  increase  in  the  content  of  hydrated  tricalcium 
aluminate  crystals.  With  tricalcium  aluminate  very  large  plates 
and  needles  of  hydrated  tricalcium  aluminate  were  found. 

36Mitt.  Zent.  Ford.  Deut.  Port.  Cement.  Ind.,  2,  pp.  108-110;  1913. 
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With  the  aluminate  containing  free  Hme,  very  large  crystals  of 
calcium  hydroxide  were  found  in  addition  to  the  other  products 
of  hydration.  The  effect  of  adding  hydrated  lime  to  the  plaster 
and  aluminate  was  simply  to  increase  the  amount  of  amorphous 
material,  no  effect  on  crystallization  being  noted. 

It  was  found  that  the  water  of  hydration  could  likewise  be 
partially  driven  out  of  the  amorphous  hydration  product  of  the 
aluminates  and  the  refractive  index  raised  by  holding  the  pressure 
at  400  pounds  for  four  hours  and  maintaining  the  samples  in  an 
atmosphere  of  steam.  In  the  other  cases  where  the  specimens  were 
kept  in  water  in  the  autoclave  during  the  test  there  was  still  a 
slight  rise  in  refractive  index  but  not  as  great  as  before.  The  con- 
ditions attained  were  sufficient  to  drive  out  a  part  of  the  water. 
So  the  water  content  in  any  hydrated  aluminate  specimen  is  largely 
dependent  on  how  it  is  dried. 

III.  SILICATES  (INCLUDING  MIXTURES  OF  SILICATES  AND 

ALUMINATES) 

1.  HYDRATION  OF  CALCIUM  METASILICATE  (CaO.SiOa) 

Calcium  metasilicate  was  prepared  like  the  other  specimens  by 
burning  in  the  updraft  kiln.  It  was  found  to  be  pseudowollaston- 
ite.  It  occurred  in  irregular  inter  grown  grains  showing  no  crys- 
talline outline,  had  a  high  double  refraction,  white  of  the  highest 
order  being  the  maximum  color  observed.  The  refractive  indices 
were  <^=  1.6 1  ±0.003;  7=  1.65  ±0.003.  7  — af  =  o.04.  The  biaxial 
interference  figure  was  very  characteristic,  but  in  many  cases  it 
was  difficult  to  distinguish  it  from  a  uniaxial  figure,  since  the  optic 
axial  angle  was  very  small.  The  optical  character  was  positive. 
No  free  lime  was  observed  in  this  specimen.  The  chemical  analysis 
showed : 

Per  cent 

SiOa 51-  45 

AI2O3 

FePs 

CaO 48. 

Ignition  loss , 18 

(See  Tables  2  and  3.) 

Neither  in  steam  at  atmospheric  pressure  nor  by  hydration  in 
water  did  calcium  metasilicate  take  up  any  water,  nor  was  there 
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any  hydration  on  a  slide.  By  placing  the  material  in  a  metal 
receptacle  containing  water  and  placing  the  whole  in  an  autoclave 
for  two  hours  at  300  pounds  an  extremely  slight  etching  of  the 
crystals  was  obtained,  but  the  amount  of  water  taken  up  was 
insignificant.  All  attempts  to  hydrate  it  in  saturated  limewater 
and  in  saturated  calcium  sulphate  solution  on  slides  gave  negative 
results.  The  examination  of  slides  containing  mixtures  of  the 
silicate  with  each  of  the  three  aluminates  in  water,  limewater, 
and  calcium  sulphate  solutions  showed  that  the  silicate  did  not 
hydrate,  but  that  the  aluminate  gave  the  same  hydration  products 
as  when  they  alone  were  hydrated  in  these  solutions. 

2.  HYDRATION   OF   GAMMA-CALCIUM   ORTHOSILICATE   (72CaO.Si02) 

Gamma-calcium  orthosilicate  was  very  readily  prepared  by 
mixing  the  materials  in  proper  proportion  and  burning  in  a  pot 
furnace.  The  specimen  was  then  removed  from  the  furnace 
while  red  hot  and  allowed  to  dust  down  in  the  open  air.  Much 
dusted  material  passed  readily  through  the  200-mesh  sieve 
without  any  further  grinding.  The  gamma-orthosilicate  as 
prepared  consisted  of  very  small  prismatic  crystals  with  a  fair 
cleavage  parallel  to  the  prism  axis.  The  cleavage,  however,  was 
not  very  generally  observed.  No  twinning  was  noticed.  The 
refractive  indices  were:  or  =  i. 641  ±0.002,  /y=  1,645  ±0.003, 
fy=  1.655  ±0.002.  '^^^  interference  colors  were  generally  white 
to  yellow  of  the  first  order.  Double  refraction  (measured)  = 
0.015  ±0.003.  ^^^  extinction  was  parallel  in  most  cases;  some- 
times, however,  inclined  extinction  was  observed,  the  maximum 
angle  being  about  3°.  Biaxial  interference  figures  were  observed 
with  the  angle  of  the  optic  axis  perpendicular  to  the  prism  axis. 
The  optical  character  was  positive.     The  chemical  analysis  showed: 

Per  cent. 

SiOa 34.  58 

AI2O3 60 

FePa 16 

CaO 64.  63 

Ignition  loss 07 

By  heating  the  silicate  in  steam  at  atmospheric  pressure  at 
110°  for  four  hours,  0.52  per  cent  of  water  was  taken  up.     Micro- 
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scopically  the  material  was  but  slightly  altered.  A  little  etching 
on  the  edge  of  some  of  the  grains  was  observed,  and  a  few  small 
doubly  refracting  grains  of  lower  index  were  noted,  but  they 
were  too  minute  for  further  identification.  Attempts  to  hydrate 
the  material  in  water  or  in  the  autoclave  gave  similar  results, 
extremely  small  amounts  of  water  being  fixed.  Hydrated  on  a 
slide  with  water,  limewater,  or  gypsum,  it  likewise  showed  no 
change.  No  hydration  of  this  silicate  was  noted  on  mixing  it 
with  any  of  the  aluminates,  with  plaster,  or  with  limewater  and 
storing  in  water. 

3.  HYDRATION  OF  BETA-CALCIUM  ORTHOSILICATE  (/32CaO.SiO^) 

{A)  Preparation. — True  to  the  reports  of  previous  investigators, 
great  difficulty  was  encountered  in  preparing  this  compound.  It 
was  not  possible  to  secure  temperatures  in  the  kiln  much  over 
1,500°,  and  this  temperature  was  not  sufficient  to  prevent  dusting 
of  the  material  when  taken  from  the  kiln,  even  after  plunging  it 
under  water  or  under  mercury.  By  burning  in  a  pot  furnace,  a 
higher  temperature  was  reached,  but  considerable  quantities  of 
magnesia  were  found  in  the  beta-calcium  orthosilicate  thus  pre- 
pared. In  some  cases  the  specimens  were  colored  brown  due  to 
iron.  These  contaminations  resulted  from  the  volatilization  of 
magnesia  and  ferric  oxide  in  the  magnesite  brick.  Finally, 
recourse  was  had  to  an  electrical  resistance  furnace  of  the  type 
used  by  the  Ceramic  Division  of  the  Bureau  for  determination 
of  melting  points  (see  Fig.  14). 

The  magnesite  plug  at  the  bottom  supported  the  specimen  within 
the  hot  zone.  By  this  means  the  specimens  could  be  rapidly 
withdrawn  from  the  furnace  and  plunged  into  water  or  mercury. 
This,  however,  was  found  to  be  unnecessary,  since  no  tendency 
toward  dusting  was  noted  on  removal  of  the  material  from  the 
hot  furnace.  It  should  be  noted  also  that  small  amounts  of 
magnesia  were  added  to  prevent  dusting.  Considerable  difficulty 
was  found  with  the  refractory  lining  used,  as  it  cracked  under 
conditions  of  rapid  heating  and  rapid  cooling  to  which  it  was 
subjected.  Fused  magnesia  with  magnesium  chloride,  alundum, 
ground  magnesite  brick,  magnesia  with  alumina,  and  magnesia 
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with  feldspar  were  tried.  The  most  satisfactory  mixture  con- 
sisted of  thirty  parts  of  feldspar  and  seventy  parts  of  magnesia, 
intimately  mixed,  ground,  molded  with  water,  and  given  a  prelim- 
inary firing  in  the  pot  furnace.     This  lining  showed  no  tendency 


Sec//b/7  AB. 

Fig.  14. — Showing  carbon  resistance  furnace 

toward  cracking,  but  under  the  severest  conditions  they  grew  a 
little  soft,  during  a  prolonged  run. 

The  beta-calcium  orthosilicate  prepared  consisted  chiefly  of 
overlapping  grains,  some  without  definite  outline  and  some  show- 
ing prismatic  development.  No  twinning  was  observed.  Cleavage 
was  noted  parallel  to  the  prism  axis,  and  extinction  was  parallel. 


Hydration  of  Portland  Cement  39 

The  refractive  indices  were  «'=  1.720 ±0.003,  7=  1-735  ±o-oo3- 
Maximum  interference  color  observed  was  yellow  of  the  second 
order.  Biaxial  interference  figure  was  noted  with  a  large  optic 
axial  angle.     The  chemical  analysis  showed: 

Per  cent. 

Si02 35.  21 

AI2O3 56 

FegOg 21 

CaO 63.  53 

MgO 37 

Ignition  loss 22 

The  fact  that  magnesia  prevents  dusting  of  the  orthosilicate 
.was  noted  by  Le  Chatelier,^^  Seffetrom,^^  and  by  this  laboratory  ^^ 
in  their  work  on  magnesia  in  Portland  cement.  A  very  small 
amount  was  sufficient  to  accomplish  this,  although  the  burning 
temperature  was  found  to  be  a  great  factor.  No  beneficial  action 
was  noted  from  the  presence  of  magnesia  when  the  specimens 
were  burned  in  the  pot  furnace  at  1500°  C. 

(B)  Hydration  in  Steam  at  Atmospheric  Pressure  and  in  Auto- 
clave.— Unexpected  difficulties  were  met  in  attempting  to  hydrate 
beta-orthosilicate  as  it  appeared  extremely  reluctant  to  take  up 
water.  Heating  it  in  steam  at  temperatures  from  105  to  140° 
caused  no  water  absorption  and  no  visible  change  in  the  material. 
Likewise  there  was  no  hydration  when  it  was  allowed  to  stand 
with  an  excess  of  water  except  after  a  considerable  length  of  time 
when  there  was  an  extremely  slight  hydration.  On  exposing 
the  material  to  both  steam  and  hot  water  in  the  autoclave,  only 
a  slight  etching  of  the  crystal  edges  and  formation  of  a  little 
isotropic  hydrated  material  was  noted. 

(C)  Hydration  on  Slide  with  Water. — Beta-orthosilicate  mixed 
with  a  large  excess  of  water  on  a  slide  underwent  no  change  until 
after  six  weeks,  when  a  very  slight  etching  of  some  of  the  grains 
was  noted,  and  a  slight  amount  of  isotropic  hydrated  material 
was  observed. 

(D)  Hydration  with  Calcium  Hydroxide. — Only  a  slight  action 
on  the  beta-orthosilicate  was  noted  when  it  was  hydrated  with 
lime    hydrate    solution    for    seven    days.     Grinding    with    high- 

37  Ann.  Mines,  170,  pp.  388-412;  1887. 

^  J.  fiir  Tech.  u.  Okonom.  Chemie.,  10,  p.  145;  1831. 

^  Grig.  Com.,  8th  Int.  Cong.  Applied  Chem.,  5,  pp.  73-81;  1912. 
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burned  lime  and  then  adding  water  did  not  increase  the  hydration. 
The  sihcate  crystals  in  both  cases  were  etched  especially  along 
the  edges,  where  the  refraction  was  lowered  and  a  slight  amount 
of  amorphous  material  formed.  The  same  results  were  obtained 
in  the  autoclave,  only  to  a  greater  extent. 

Continuing  the  tests  to  28  days,  samples  of  beta-orthosilicate 
were  gauged  with  limewater  and  molded  into  small  cylinders. 
After  24  hours  these  were  removed  from  the  molds  and  immersed 
in  water  for  27  days.  At  the  end  of  this  time  the  specimens  were 
soft,  friable,  and  consisted  almost  entirely  of  unchanged  silicate 
surrounded  by  a  thin  layer  of.  amorphous  hydrated  material. 
Continuing  the  tests  to  90  days  the  hydration  became  more  marked. 
Nevertheless,  there  remained  considerable  unhydrated  silicate 
even  at  this  period. 

The  inability  to  hydrate  beta-orthosilicate  prevented  the 
determination  of  the  temperatures  above  which  it  loses  water. 
Bied  states  that  this  temperature  for  the  basic  silicates  is  140°, 
while  lyjamin  ^^  states  that  the  bound  water  of  the  silicate  is  lost 
at  150°. 

Burian  and  Seber,^^  who  studied  the  hydrolysis  of  cements  by 
conductivity  measurements,  found  that  hydration  took  place 
much  more  rapidly  in  limewater  than  in  distilled  water.  How- 
ever, at  best  there  were  observed  only  a  small  increase  with  lime- 
water.  Probably  the  small  amounts  of  other  materials  in  cement, 
such  as  alkali  and  ferric  oxide,  play  some  part. 

Very  conflicting  results  are  reported  as  to  the  hardening  of 
beta-orthosilicate  with  water.  I^e  Chatelier  ^^  found  that  neither 
water  nor  limewater  had  any  effect  on  it.  Bied  ^^  has  noted  the 
inertness  of  beta-orthosilicate  toward  hydration.  He  baked 
tablets  of  this  composition  containing  2-3  per  cent  R2O3  to  1600- 
1700°,  ground  the  specimens,  mixed  them  with  water,  and  stored 
them  under  water  for  one  year.  At  the  end  of  this  time  they  had 
no  appreciable  strength.  Richardson  ^^  thought  it  had  little 
hydraulicity  except  in  the  presence  of  carbon  dioxide  and  while 

^  Protocol,  German  Port.  Cement  Mnfrs.  Assoc,  p.  52;  1898. 
<'  Chem.  lyisty,  6,  pp.  145-149;  1912. 
«  Ann.  Mines,  170,  pp.  388-412;  1887. 
**  Proc.  Int.  Assoc.  Mat.  2,  (9),  p.  8;  1911. 
"  Cement,  5,  p.  117;  1905. 
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setting  slowly  in  water  was  not  volume  constant.  Newberry  *^ 
states  that  the  silicate  set  hard  in  7  days  and  boiled  sound,  and 
whether  fused  or  not  it  maintained  its  previous  composition  and 
lost  very  little  lime.  Schott  ^^  made  a  product  that  set  in  24 
hours  and  hardened  well  in  8  days.  Unger*^  found  that  his  stable 
material  after  mixing  with  water  gave  a  strength  of  140  pounds 
in  8  weeks,  part  of  this  being  due  to  carbonation  from  carbon 
dioxide  in  the  air.  It  is  interesting  to  note  that  as  early  as  1865 
Heldt  ^^  was  able  to  obtain  hardening  mixtures  from  lime  and 
alkali  silicates,  Oddo^^  likewise  agreed  with  Le  Chatelier  in  being 
unable  to  prepare  a  product  which  would  harden  with  water. 

{E)  Hydration  with  Calcium  Sulphate  Solution. — Mixing  the 
silicate  with  a  saturated  solution  obtained  from  plaster  gave  no 
appreciable  hydration,  and  treatment  in  the  autoclave  resulted 
only  in  the  previously  noted  change  in  the  gypsum. 

{F)  Hydration  with  a  Large  Excess  of  Solution. — As  it  is  gener- 
ally considered  that  a  large  excess  of  water  hastens  the  hydration 
of  cement,  the  effects  of  an  excess  of  solution  on  the  beta-ortho- 
silicate  were  studied.  Efforts  were  made  to  hasten  its  hydration  by 
placing  I -gram  samples  in  tall  glass-stoppered  cylinders,  to  which 
were  added  150  cc  of  one  of  the  following  liquids:  Water,  satu- 
rated tricalcium  alumina te  solution,  saturated  limewater,  satu- 
rated calcium  sulphate  solution,  a  solution  made  by  shaking 
freshly  precipitated  and  well-washed  aluminum  hydrate  with  a 
large  excess  of  water  and  filtering,  and  a  2  per  cent  solution  of 
aluminum  sulphate.  The  cylinders  were  well  shaken  and  rotated 
in  a  slow-moving  stirring  apparatus  for  10  days.  At  the  end  of 
the  second  day  there  was  noted  with  the  tricalcium  aluminate 
solution  a  slight  permanent  suspension  in  the  cylinder,  while  the 
others  settled  out  to  a  precipitate  and  a  perfectly  clear  solution 
in  less  than  a  minute.  At  the  end  of  the  tenth  day  a  very  large 
amount  of  permanently  suspended  material  was  noted  in  the 
tricalcium  aluminate  solution,  while  the  limewater  and  the 
calcium  sulphate,  etc.,  solutions  contained  only  a  little  fiocculent 
material  in  addition  to  the  precipitate. 

«  Bull.  Soc.  D' Encouragement.  99,  p.  647;  1903.  «  j.  Prakt.  Chem.,  94,  p.  129;  1865. 

«  Cement  Eng.  News,  22,  p.  287;  1910.  «  Accad.  dei  I^incei,  26,  p.  361;  1896. 

"  Cement  Eng.  News,  22,  p.  287;  1910. 
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After  drying,  the  product  was  examined  microscopically.  The 
material  treated  with  the  aluminate  solution  still  contained  some 
unhydrated  beta-orthosilicate  and  a  considerable  amount  of  the 
isotropic  amorphous  material.  The  silicate  hydrated  in  the  other 
solutions  showed  considerably  less  hydration  in  the  following 
decreasing  order:  Calcium  sulphate,  limewater,  aluminum  sul- 
phate, hydrated  alumina,  and  water.  The  products  of  hydration 
were  identical  in  each  case  and  consisted  of  amorphous  material. 
No  calcium  hydroxide  was  present. 

After  washing  and  drying  all  the  treated  specimens  for  two 
hours  at  ioo°  the  ignition  losses  were  as  follows: 

Per  cent. 

Tricalcium  aluminate  solution 4-  04 


Plaster  solution i 

Lime  hydrate  solution i 

Aluminum  sulphate  solution i 

Aluminum  hydrate  solution i 

Water o, 


94 
73 
38 
04 

97 


(G)  Inversion  of  Beta-Orthosilicate  to  Gamma-Orthosilicate. — It 
must  be  noted  that  beta-orthosilicate,  after  being  given  a  steam 
treatment  and  dried  on  the  hot  plate  for  the  determination  of 
the  water,  showed  considerable  amounts  of  the  gamma  form. 
This  effect  was  also  noted  in  the  material  ground  to  about  six- 
mesh  size  and  stored  in  bottles.  There  was  a  slow  accumulation 
of  powder  at  the  bottom  of  the  bottles  which  proved  to  be  gamma- 
orthosilicate.  The  rate  of  its  formation,  however,  was  not  con- 
stant, the  largest  amounts  being  formed  within  two  or  three  days 
after  the  burning  of  the  specimen.  Further  dusting  proceeded 
slowly.  It  is  evident  that  heat  accelerates  this  change,  and, 
furthermore,  it  is  found  that  dusting  proceeds  more  quickly  in 
specimens  where  the  beta-orthosilicate  is  very  fine  grained.  In 
specimens  containing  larger  crystals,  due  evidently  to  prolonged 
heat  treatment,  there  was  not  the  slightest  evidence  of  dusting 
even  at  the  end  of  three  months. 

4.  HYDRATION   OF  BETA-CALCIUM   ORTHO SILICATE  AND  ALUMINATES 

(A)  Hydration  in  Steam  at  Atmospheric  Pressure. — To  observe 
any  possible  action  of  the  aluminates  on  beta-orthosilicate  at 
atmospheric  pressures,  mixtures  of  70  parts  of  silicate  and  30 
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parts  of  alumina tes  were  first  ground  together  and  then  treated 
with  steam  at  temperatures  up  to  140°.  Microscopical  examina- 
tion showed  that  the  aluminate  alone  had  been  hydrated.  These 
tests  were  made  with  each  of  the  three  aluminates.  To  insure 
better  contact  of  the  material  the  mixtures  of  silicate  and  alumi- 
nate were  placed  in  small  linen  bags  which  were  then  sewed  up  and 
treated  with  steam  with  like  results. 

It  was  realized  that  even  with  the  very  finest  grinding  of  the 
mixture  the  intimate  contact  of  aluminate  with  silicate  in  a  cement 
could  not  be  reproduced.  Therefore,  a  number  of  cements  were 
heated  in  steam  for  as  long  as  four  hours  at  temperatures  ranging 
from  105°  to  140°.  In  every  case  the  amount  of  water  absorbed 
was  from  3  to  6  per  cent,  and  in  no  case  was  the  beta-orthosilicate 
hydrated. 

{B)  Hydration  in  the  Autoclave. — Corresponding  tests  in  the 
autoclave  showed  a  slight  etching  of  the  silicate  crystallites  with 
the  usual  hydration  of  the  aluminates.  A  mixture  hydrated  in  an 
excess  of  water  for  24  hours  then  placed  in  the  autoclave  showed 
no  more  hydration  than  that  noted  in  the  autoclave  alone. 

(C)  Hydration  of  Molded  Specimens. — Mixtures  of  beta- 
orthosilicate  with  monocalcium  aluminate,  5 13  calcium  aluminate, 
and  tricalcium  aluminate,  respectively,  and  a  small  amount  of 
plaster  were  hydrated  in  lime  water  and  in  water  for  28  days.  A 
slight  increase  in  the  amount  of  hydrated  material  was  noted  with 
limewater  over  that  with  water.  The  specimens  were  somewhat 
friable  but  stronger  than  the  28-day  hydration  specimen  of  the 
beta-orthosilicate  hydrated  in  a  solution  of  tricalcium  aluminate. 
One  peculiarity  was  noted  in  that  on  the  outside  of  the  specimens 
glistening  crystals  were  seen,  which  in  some  cases  could  be  picked 
off  with  the  forceps.  Microscopical  investigation  proved  these  to 
be  hydrated  tricalcium  aluminate.  In  addition  there  were  a  few 
calcium  carbonate  crystals  resulting  from  the  decomposition  of 
the  aluminates  by  the  carbon  dioxide  in  water.  Very  few  small 
crystals  were  noted  when  the  specimens  were  broken  open.  The 
indications  are  that  there  was  a  diffusion  of  aluminate  from  the 
interior  to  the  surface  followed  by  crystallization. 

(D)  Hydration  on  Slides. — In  this  series  mixtures  were  made  of 
about  three  parts  of  beta-orthosilicate  to  one  part  of  each  of  the 
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following:  Tricalcium  aluminate,  5:3  calcium  aluminate,  and 
monocalcium  aluminate.  This  ratio  was  used  to  conform  to  the 
approximate  quantitative  relationship  of  the  above  compounds  in 
a  Portland  cement.  The  same  procedure  was  followed  as  with  all 
previous  hydrations  on  slides. 

With  beta-orthosilicate  and  tricalcium  aluminate  the  first  effect 
noted  was  the  immediate  beginning  of  hydration  of  the  aluminate. 
This,  when  hydra  ted,  formed  needles  and  plates  of  hydrated 
tricalcium  aluminate,  similar  to  those  previously  observed.  At 
the  end  of  two  days  the  silicate  showed  signs  of  being  etched,  and 
a  little  amorphous  material  was  noted  along  the  edges  of  the 
silicate  grains.  The  etching  continued  and  at  the  end  of  a  week 
the  amorphous  material  w^as  fast  surrounding  the  silicate  crystal- 
lites. At  three  weeks  practically  the  whole  slide  was  covered  with 
amorphous  material;  but  the  aluminate  needles  and  plates  were 
unchanged,  although  their  definiteness  of  outline  was  often 
obscured  by  the  amorphous  silicate  material.  (See  Fig.  15.)  No 
calcium  hydroxide  crystals  were  observed.  A  slide  dried  in  an 
atmosphere  free  from  carbon  dioxide  and  treated  with  White's 
solution  showxd  the  absence  of  amorphous  calcium  hydroxide. 

None  of  the  crystallized  needles  of  hydrated  silicate  noted  by 
previous  investigators,  Kaisermann,^^  for  instance,  were  observed. 
Recourse  was  had  to  a  paraboloid  condenser  for  dark  field  illumi- 
nation, which  Kaisermann  states  was  necessary  for  the  observa- 
tion of  these  needles.  Again  nothing  was  observed  but  amorphous 
material,  having  no  definite  crystalline  outline  whatsoever. 
Furthermore,  according  to  Kaisermann,  an  excess  of  w^ater  pre- 
vented the  formation  of  these  needle  crystals,  and  insufiicient 
water  caused  the  preparation  to  dry  before  there  was  opportunity 
for  crystallization.  Under  the  assumption  that  too  much  or 
perhaps  too  little  water  was  used  in  the  preparation,  a  series  of 
five  slides  were  made  up  with  varying  amounts  of  water.  In 
every  case  the  hydration  products  were  the  same  as  previously 
noted.  In  no  case  were  there  any  fine  needle  crystals  of  silicate 
observed.  Needles  of  hydrated  tricalcium  aluminate  were  of 
course  noted;  but  they  could  not  be  confused  with  the  silicate 

^°  Cement  and  Eng.  News,  23,  p.  62;  191 1. 
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needles,  for,  according  to  Kaisermann,  the  latter  have  a  different 
crystal  development  and  show  almost  no  double  refraction. 

Michaelis  ^^  in  commenting  on  the  needles  of  lime  silicate 
observed  by  Kaisermann,  states  that  the  latter  did  not  prove  their 
composition  and  that  they  may  be  zeolite,  gypsum,  or  sulpho- 
aluminate  crystals.  The  fact  that  Kaisermann  observed  these 
crystals  in  mixtures  supposedly  made  from  lime  and  silica  would 
probably  preclude  the  possibility  of  their  being  either  gypsum  or 
sulphoaluminate  crystals.  On  the  other  hand,  he  states  they  were 
more  readily  observed  in  puzzolana  cements.  Puzzolana  cements, 
puzzolana,  trass,  tufa,  etc.,  contain  soluble  silica  which  combines 
with  lime.  In  addition,  they  contain  zeolites  which  exchange 
their  base  for  lime  on  coming  in  contact  with  the  latter.  So  it 
seems  possible  that  the  crystals  observed  were  formed  by  the 
presence  of  impurities  in  the  silica  used. 

A  slide  of  beta-orthosilicate  and  tricalcium  aluminate  was  dried 
in  an  atmosphere  free  from  carbon  dioxide  after  the  hydration 
was  apparently  completed.  It  was  then  hydra  ted  again  on  a 
slide  with  more  water.  The  hydra  ted  silicate  again  showed  no 
needle  development,  but  occurred  in  amorphous  round  grains. 
No  splitting  off  of  calcium  hydroxide  was  observed. 

The  first  effect  of  the  hydration  of  beta-orthosilicate  and  5:3 
calcium  aluminate  was  the  formation  of  radial  spherulites  and  the 
subsequent  growth  of  needles  and  plates  of  hydrated  tricalcium 
aluminate,  together  with  the  formation  of  some  amorphous 
material.  The  silicate  started  to  hydrate  within  two  days  with 
the  formation  of  amorphous  gelatinous  material,  which  at  the  end 
of  16  days  covered  the  whole  slide.  No  calcium  hydroxide  was 
observed  in  any  form  and  no  needle  crystals  of  hydrated  silicate 
were  noted.  Similar  slides  were  also  prepared  with  varying 
amounts  of  water,  and  observations  were  made  with  dark  field 
illumination,  but  no  silicate  needles  were  found.  No  hydration 
product  of  the  silicate  was  observed  which  possessed  even  the 
slightest  double  refraction. 

The  slides  of  monocalcium  aluminate  and  beta-orthosilicate 
behaved  much  like  those  of  the  preceding  series.     The  aluminate 

51  Cement  and  Eng.  News,  23,  p.  57;  191 1. 
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hydrated  first  with  the  sphtting  off  of  considerable  hydrated 
alumina  and  the  formation  of  needles,  plates,  and  spherulites  of 
hydrated  tricalcium  aluminate.  The  silicate  commenced  to 
hydrate  in  a  couple  of  days  to  the  previously  observed  amorphous 
material,  which  at  the  end  of  a  week  covered  the  whole  slide  and 
was  so  thick  as  to  preclude  further  observation. 

No  reason  for  the  behavior  of  the  aluminates  in  hastening  the 
hydration  of  the  beta-orthosiHcate  has  been  found,  other  than 
that  it  is  simply  a  case  of  the  silicate  being  more  soluble  in  the 
aluminate  solution  than  in  water,  and  that  a  saturated  solution 
is  formed  with  subsequent  precipitation  of  the  amorphous  hy- 
drated silicate. 

5.  HYDRATION  OF  TRICALCIUM  SILICATE  (SCaO.SiOs) 

\A)  Preparation. — Tricalcium  silicate  was  prepared  by  mixing 
calcium  carbonate,  to  which  a  small  amount  of  magnesia  had  been 
added,  and  silica  in  the  proper  proportion  with  water,  and  molding 
the  mixture  into  hollow  cylinders.  These  were  dried  and  burned 
in  a  pot  furnace  at  1 500°  C.  The  specimens  were  then  withdrawn 
from  the  furnace  and  allowed  to  dust  down.  The  coarser  par- 
ticles of  the  resultant  product  were  ground  until  all  the  material 
passed  the  200-mesh  sieve.  The  powder  was  then  remolded  with 
a  dilute  sugar  solution,  as  it  formed  a  very  granular  mass  with 
water  alone,  which  on  drying  out  fell  to  pieces.  These  cylinders 
were  burned  in  the  electric  furnace.  No  temperature  measure- 
ments w^ere  made,  but  the  specimens  were  examined  with  the  mi- 
croscope after  each  burn  to  observe  the  progress  of  the  formation 
of  tricalcium  silicate.  After  one  burn  in  the  electric  furnace,  a 
nondusting  mixture  of  beta-calcium  orthosilicate  and  compara- 
tively large  round  grains  of  free  lime  was  found.  After  regrinding 
the  powder  was  moistened  with  alcohol,  remolded,  and  reburned 
for  about  five  hours.  This  process  was  repeated  three  times  be- 
fore the  material  was  found  to  be  satisfactory.  Entire  homo- 
geneity was  never  obtained,  since  the  best  product  contained  a 
few  scattered  grains  of  free  lime,  beta-calcium  orthosilicate,  and 
tricalcium  aluminate.  However,  the  hydration  of  these  small 
amounts  of  impurities  could  in  no  v/ay  be  confused  with  the  hydra- 
tion of  the  major  portion  of  the  product. 


Fig.  15. — Showing  amorphous,  hydrated  silicate  on  a  slide  of  heta- 
calciurn  orihosilicate  and  iricalcium  aluminate  in  water.  The 
amorphous  material  covered  the  whole  slide  and  obliterated  the  hy- 
drated tricalcium  aluminate  crystals  present.  This  was  taken  with- 
out nicols,  and  the  m,agnification  =  200  diatneters 


Fig.  16. — Showing  tricalcium  silicate  and 
tricalcium  aluminate  in  water,  taken  with- 
out nicols.  Note  the  large  hexagonal  cal- 
cium hydroxide  crystal  and  the  smaller 
needles  0/  hydrated  tricalcium-  aluminate 
covered  with  and  obscured  by  amorphous 
hydrated  silicate.  Magnification  =  160 
diameters 


Fig.  17. — Showing  tricalcium,  silicate  and 
5;j  calcium  alum,inate,  taken  with  crossed 
nicols.  Note  the  large  calcium  hydroxide 
crystals,  the  spherulites  and  needles  of  hy- 
drated tricalcium  aluminate.  The  amor- 
phous material  can  not  be  observed  with 
crossed  nicols.  Magnification  =  16 j  diam- 
eters 
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The  trisilicate  consisted  of  minute  crystallites,  showing  no  defi- 
nite crystal  outline.  The  mean  index  of  refraction  was  i.7i5± 
0.003.  The  double  refraction  was  extremely  low,  the  maximum 
interference  color  observed  being  a  first  order  grayish  white,  while 
many  of  the  grains  were  practically  isotropic.  Interference  fig- 
ures were  observed  with  difficulty  on  a  few  favorable  grains,  and 
the  compound  was  found  to  be  biaxial  with  a  very  small  optic 
axial  angle.  The  optical  character  is  negative.  No  twinning 
lamellae  whatever  were  noted.     The  chemical  analysis  showed: 

Per  cent. 

SiOa 26.  12 

AI2O3 21 

FcjOg 09 

CaO 72.  62 

MgO 93 

Ignition  loss 09 

{B)  Hydration  of  Molded  Specimens  in  Water. — A  noticeable  fea- 
ture of  the  hydration  of  the  tricalcium  silicate  was  the  rapidity 
with  which  it  took  place.  A  specimen  mixed  with  20  per  cent  of 
water  set  hard  at  the  end  of  five  hours  without  any  noticeable 
evolution  of  heat,  and  specimens  kept  28  days  in  water  showed 
no  signs  of  cracking  or  disintegrating.  This  is  in  noticeable  con- 
trast to  the  mixtures  of  beta-orthosilicate  with  as  much  as  50  per 
cent  high-burned  free  lime.  In  this  case  the  material  was  soft 
and  friable  after  24  hours  and  fell  away  to  a  soft  mush  in  the  water; 
and  very  small  amounts  of  amorphous  hydrated  silicate  were 
found,  while  with  the  trisilicate  large  quantities  were  observed. 

(C)  Hydration  in  Steam  at  Atmospheric  Pressure  and  m  the 
Autoclave  with  Water. — On  treating  tricalcium  silicate  in  steam  at 
temperatures  both  below  140  and  up  to  200°  C  from  0.5  to  0.7  per 
cent  of  water  was  taken  up.  The  fact  that  water  was  absorbed 
at  high  temperatures  must  be  due  to  the  hydration  of  the  free 
lime  present,  as  a  small  amount  of  calcium  hydroxide  was  always 
found  present  after  these  tests. 

In  the  autoclave,  it  was  possible  to  hydrate  completely  the  tri- 
silicate after  it  was  allowed  to  harden  for  24  hours  with  water,  so 
that  no  grains  with  unhydrated  centers  remained.  The  hydration 
products  were  crystals  of  calcium  hydroxide  and  amorphous  hy- 
drated silicate.     On  the  other  hand,  mixing  the  beta-orthosilicate 
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mth  one-third  of  high-bumed  lime  showed  the  silicate  to  be  al- 
most completely  unhydrated  after  the  autoclave  treatment.  A 
fm'ther  effect  noted  was  that  raising  the  pressure  in  the  autoclave 
from  150  to  600  pounds  per  square  inch  resulted  in  an  increased 
size  of  the  calcium  hydroxide  crystals. 

{D)  Hydration  on  Slide  with  Water. — Hydrating  the  tricalcium 
silicate  with  water  on  a  slide  resulted  in  the  formation  of  a  few 
crystals  of  calcium  hydroxide  and  amorphous  hydrated  silicate 
within  24  hours.  The  hydration  continued  with  the  formation  of 
more  and  larger  calcium  hydroxide  crystals  and  considerable  amor- 
phous material,  until  at  the  end  of  three  weeks  the  latter  covered 
the  slide  completely.  The  calcium  hydroxide  crystals  were  ori- 
entated generally  in  one  of  two  ways,  either  perpendicular  to  the 
*'c"  crystallographic  axis  or  parallel  to  it.  When  perpendicular 
to  "c"  they  were  hexagonal  in  shape,  showed  little  or  no  double 
refraction,  and  gave  typical  uniaxial  interference  figures  perpen- 
dicular to  "c  "  with  negative  optical  character.  When  parallel  to 
the  "c"  axis  they  showed  prismatic  development,  medium  high 
interference  colors  often  of  the  third  order,  depending  upon  the 
thickness  of  the  crystals,  parallel  extinction  and  the  interference 
figures  consisted  of  two  rapidly  separating  hyperbolae  characteristic 
of  uniaxial  crystals  orientated  parallel  to  "c."  The  amorphous 
material  was  gelatinous  in  appearance.     No  needles  were  observed. 

(E)  Hydration  with  Plaster. — Using  the  tricalcium  silicate  with 
plaster  and  varying  the  amount  of  the  latter,  no  differences  were 
noted  except  in  the  amount  of  gypsum  crystals  which  increased 
with  the  percentage  of  plaster.  This  was  the  case  with  both  slides 
and  molded  specimens.  Hydration  in  the  autoclave  increased  the 
size  of  the  calcium-hydroxide  crystals  greatly. 

(F)  Hydration  with  Limewater. — Tricalcium  silicate,  hydrated 
on  a  slide  with  limewater,  showed  the  same  products  as  that 
hydrated  in  water.  The  rate  of  hydration  was  not  apparently 
changed,  since  the  amorphous  material  and  calcium-hydroxide 
crystals  began  to  be  formed  within  24  hours. 

(G)  Influence  of  Tricalcium  Silicate  on  Hydration  of  Beta-Calcium 
Orthosilicate. — Mixing  tricalcium  silicate  in  varying  amounts  with 
beta-orthosilicate  and  plaster  and  hydrating  in  the  autoclave  had 
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no  favorable  influence  on  the  hydration  of  the  orthosilicate  while 
the  trisilicate  was  completely  hydrated. 

6.  HYDRATION  OF  TRICALCIUM  SILICATE  AND  ALUMINATES. 

{A)  Hydration  on  Slides  with  Water. — Slides  containing  mix- 
tures of  tricalcium  silicate  and  tricalcium  aluminate  and  of  trical- 
cium  silicate  and  5:3  calcium  aluminate  were  hydrated  in  the 
same  manner  as  the  individual  constituents.  The  aluminates 
began  to  hydrate  almost  immediately  to  form  the  aforementioned 
hydration  products.  Within  24  hours  the  silicate  began  to  take 
up  water,  splitting  off  calcium-hydroxide  crystals  and  forming 
the  amorphous  hydrated  silicate.     (See  Figs.  16  and  17.) 

In  order  to  dispel  any  doubt  as  to  the  identification  of  the 
hexagonal  hydrated  tricalcium  aluminate  and  the  hexagonal  cal- 
cium hydroxide  plate  crystals,  slides  containing  each  of  the  above 
compounds  were  dried  in  an  atmosphere  free  from  carbon  dioxide 
and  then  immersed  in  a  liquid  of  refractive  index  equal  to  1.555. 
The  large  hydroxide  plates  had  invariably  a  higher  and  the  small 
aluminate  plates  a  lower  index  than  the  liquid.  (See  description 
of  their  optical  properties,  pp.  8,  23.) 

{B)  Hydration  of  Molded  Specimens  in  Water,  Limewater,  and 
Calcium  Sulphate  Solution. — Monocalcium  aluminate,  5 13  calcium 
aluminate,  and  tricalcium  aluminate  were  mixed  with  the  trical- 
cium silicate  in  the  proportion  of  1 13,  gauged  with  20  per  cent  water, 
pressed  in  the  molds,  left  for  24  hours,  and  then  immersed  in  dis- 
tilled water  for  28  days.  They  were  then  dried  and  examined 
microscopically.  In  each  case  calcium-hydroxde  crystals  were 
observed,  and  complete  hydration  of  the  tricalcium  silicate  had 
taken  place.  The  specimens  were  extremely  hard,  dense,  and 
strong,  and  compared  very  favorably  to  the  strongest  28-day  neat 
cement  briquets.  No  differences  were  noted  in  cases  where 
either  limewater  or  calcium-sulphate  solution  v/ere  used  for  gauging. 
Only  in  the  case  of  tricalcium  aluminate  and  tricalcium  silicate 
gauged  in  gypsum  was  there  any  considerable  quantity  of  sulpho- 
aluminate  needles  noted,  but  they  were  not  well  developed.  In 
another  case  a  saturated  solution  of  tricalcium  aluminate  was 
used  for  gauging,  the  specimen  being  immersed  in  water.     At  the 
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end  of  28  days  it  was  very  hard  and  compact,  and  the  surface 
was  coated  with  calcium  hydroxide  crystals  large  enough  to  be 
picked  off. 

With  regard  to  their  time  of  formation,  calcium-hydroxide  crys- 
tals could  be  observed  in  a  specimen  four  hours  after  mixing  with 
water,  and  they  constantly  grew  in  size.  However,  at  the  end  of 
28  days  they  were  not  as  large  as  those  produced  in  the  autoclave 
at  300  pounds  pressure  after  24  hours'  hardening. 

In  only  one  combination  was  disintegration  observed,  this  taking 
place  in  a  3:1  mix  of  tricalcium  silicate  with  tricalcium  aluminate 
gauged  with  a  saturated  calcium-sulphate  solution  and  immersed  in 
saturated  lime  water.  After  10  days  the  specimen  was  badly 
cracked,  and  after  15  days  it  had  disintegrated  to  a  soft  mass  con- 
taining large  calcium  hydroxide  crystals,  well  developed  hydrated 
tricalcium  aluminate,  and  sulphoaluminate  crystals  with  much 
isotropic  amorphous  material.  Suspended  in  the  solution  was  an 
abundance  of  very  fine  crystals  of  sulphoaluminate,  so  fine  as  to 
appear  megascopically  like  a  gelatinous  precipitate. 

(C)  Hydration  on  Slides  with  Limewater  and  Calcium  Sulphate 
Solution. — The  hydration  on  slides  of  mixtures  of  tricalcium  silicate 
w^ith  the  aluminates  in  limewater  and  plaster  solution  gave  no  new 
hydration  products  except  crystals  of  calcium  sulphoaluminate. 
The  rates  of  hydration  did  not  differ  from  the  rates  of  hydration 
of  the  same  mixtures  hydrated  with  water. 

So  far  as  could  be  noted,  the  calcium-hydroxide  crystals  have  no 
effect  on  the  precipitation  of  sulphoaluminate  crystals.  The  for- 
mer are  more  or  less  inert  and  are  not  readily  acted  upon  by 
White's  solution,  while  the  amorphous  calcium  hydroxide  reacts, 
forming  the  characteristic  hydrated  calcium  phenolate  crystals  in  a 
few  minutes.  (See  Fig.  18.)  However,  calcium  hydroxide  crys- 
tals are  slowly  acted  upon  by  magnesium  salt  solutions,  and  the 
amount  of  magnesium  hydroxide  precipitated  is  very  small  in 
comparison  with  that  produced  by  the  amorphous  hydroxide. 

Ovv4ng  to  the  limited  amount  of  material  available,  no  tests  were 
made  to  determine  the  amount  of  lime  split  off  from  the  tricalcium 
silicate.    Le  Chatelier  ^^  and  others  state  the  principal  constituent  of 

^-  Bull.  Soc.  Chim.,  42,  pp.  82-89;  1900. 
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Fig.  i8. — Showing  White's  test  on  crystallized  and  amorphous  calcium 
hydroxide,  taken  with  crossed  nicols.  The  large  hexagonal  plate  is 
crystallized  calciuyji  hydroxide  and  is  not  affected.  The  amorphous 
hydroxide  has  been  entirely  converted  into  the  characteristic  prismatic 
crystals  of  calcium  phenolate.     Magnification  =  280  diameters 


Fig.  19. — Showing  a  white  cement  hydrated  in  water,  taken  with 
crossed  nicols.  Note  the  large  calcium  hydroxide  crystals  and  the 
smaller  hydrated  tricalcium  aluminate  needles .  These aremore  or  less 
obscured  by  a^norphous  material.     Magnification  =  280  diameters 
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hardened  cements  is  a  hydrated  monosilicate  (CaO.  SiOj.  2  ^^  H2O). 
On  the  other  hand  there  is  the  work  of  Newberry  and  Smith, ^^  who 
found  that  one  sample  of  supposed  trisilicate,  after  shaking  with 
water,  gave  a  varying  residue  of  1.5  to  2  equivalents  of  CaO.  to  i  of 
Sio2  and  a  fused  sample  gave  a  hydrated  silicate  of  the  composition 
of  2 CaO.  SiOz.  7H2O.  In  addition  there  is  the  interesting  but  little 
known  work  of  Ferrari, ^^  who  found  that  the  reaction  proceeded  as 
follows:  3CaO.  Si02+Aq=2CaO.  Si02.  nH20+Ca(OH)2  and  that 
the  hydrated  silicate  formed  yielded  no  more  lime  to  water  but 
lost  lime  on  treatment  with  ammonium  chloride  solutions. 

Again,  Rebuffat  ^^  states  that  the  calcium  orthosilicate  on  hy- 
drating  does  not  decompose  into  calcium  monosilicate  and  lime 
hydrate,  since  testing  with  sugar  solutions  showed  that  the  com- 
position of  the  material  was  very  far  from  being  calcium  mono- 
silicate. 

IV.  PORTLAND  CEMENT 

The  hydration  of  cements  were  studied  by  slide  tests,  by  the 
examination  of  molded  specimens,  and  by  means  of  the  autoclave- 
For  convenience  in  comparing  the  results  they  were  tabulated, 
No.  I  being  a  white  cement.  No.  2  being  another  brand  of  white 
cement  which  contained  0.5  per  cent  CO2  and  4  per  cent  H2O,  No. 
3  a  high  silica  slow-hardening  cement,  and  No.  4  a  dark-colored 
cement  containing  8.97  per  cent  FcjOg  and  3.64  per  cent  AI2O3. 
The  chemical  analyses  are  as  follows : 


No.  1 


No.  2 


No.  3 


No.  4 


Si02.. 
AI2O3. 
FesOs 
CaO., 
MgO. 
SO3.. 
Na20. 
K2O.. 
COj.. 
H2O.. 


Per  cent 
25.02 
6.08 
0.49 
62,89 
1.11 
1.75 
0.11 
0.56 
1.08 
0,95 


Per  cent 
23.68 
5.10 
0,37 
62,69 
1.96 
1.37 
0.03 
0.30 
0.51 
4.08 


Per  cent 

24.59 
6.49 
2.64 

61.04 
1.71 
1.45 
0.12 
0,40 
0.93 
0.75 


Per  cent 

20.37 
3.64 
8.97 

61.41 
0.82 
1.19 
1.54 
0.24 
1.04 
1.06 


**  J.  Soc,  Chem.  Ind.,  22,  p,  94;  1903, 
"  Ciment,  17,  pp,  81-85;  i9i2. 
6S  Tonind.  Ztg.  26,  p.  1579;  1902. 
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{A)  Hydration  of  Molded  Specimens  and  Hydration  in  the  Auto- 
clave.— The  tabulated  tests  in  Table  4  were  made  on  fragments 
of  briquettes  made  from  neat  cement  and  18-20  per  cent  of  water, 
stored  in  a  damp  closet  for  24  hours,  and  then  immersed  in  water. 
One  of  the  interesting  facts  noted  is  the  slow  hydration  of  the  beta- 
orthosilicate,  the  amount  of  which  varies  with  different  cements. 
Although  a  large  number  of  samples  have  been  examined,  no  defi- 
nite rule  has  been  evolved  as  to  the  rate  of  hydration  of  the  beta- 
orthosilicate.  Some  cements  contain  a  little  hydra  ted  beta- 
orthosilicate  at  the  end  of  7  days,  while  others  contain  very  little 
at  the  end  of  28  days.  Some  contain  considerable  unhydrated 
beta-orthosilicate  at  the  end  of  90  days.  Perhaps  the  greatest 
factor  resulting  in  the  slowness  of  the  beta-orthosilicate  hydration 
in  a  cement  is  the  size  of  grain.  Microscopical  evidence  points  to 
the  fact  that  beta-orthosilicate  in  the  larger  cement  grains  is 
extremely  slow  to  hydrate,  while  in  the  smaller  grains  it  hydrates 
fairly  readily.  This  is  no  doubt  due  to  the  comparatively  small 
amount  of  surface  that  the  large  grains  offer  to  the  action  of  the 
aluminate  solution.  Again,  the  coating  of  amorphous  hydrated 
calcium  silicate  appears  to  prevent  the  ready  penetration  of  the 
water  into  the  unhydrated  interior  of  the  grains. 

The  absorption  of  water  by  the  different  cements  as  tabulated 
below  are  of  interest  chiefly  in  connection  with  the  autoclave 
hydration : 


No.  1 

No.  2 

No.  3 

No.  4 

24  hours 

Per  cent 

8.24 
10.88 
13.76 
11.00 

Per  cent 

7.72 

8.84 

13.78 

10.86 

Per  cent 

5.48 

8.92 

13.48 

9.86 

Per  cent 

5.42 

Hydration  in  water  for.. 

7  days 

9.74 

28  days 

14.06 

Hydration  in  autoclave... 

10.86 

The  amount  of  water  absorbed  by  the  autoclave  briquettes  is 
significant  on  account  of  the  considerable  amount  absorbed,  and 
by  the  fact  that  the  refractive  index  of  the  aluminate  was  raised 
and  the  optical  properties  of  the  gypsum  changed.  This  indi- 
cates conclusively  that  a  part  of  the  water  has  been  expelled. 
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{B)  Hydration  of  Cement  on  Slides. — Slides  were  made  up  of  a 
commercial  white  cement  in  an  excess  of  water.  (See  Fig.  19.) 
The  first  effect  noted  was  the  beginning  of  the  formation  of  hy- 
drated  tricalcium  aluminate  and  calcium  sulphoaluminate  crystals 
which  took  place  in  a  short  time.  The  latter  crystals  were  ex- 
tremely fine  and  could  readily  be  overlooked.  At  24  hours  these 
crystals  had  increased  in  size  and  numbers  and  the  presence  of  a 
few  lime  hydrate  crystals,  together  with  a  little  amorphous 
material,  showed  that  the  tricalcium  silicate  was  beginning  to 
hydrate,  while  the  beta-orthosilicate  was  quite  unchanged.  With 
time  the  number  of  calcium  hydroxide  crystals  and  the  amount  of 
amorphous  material  increased.  Finally  the  latter  covered  the 
whole  slide. 

A  slide  consisting  of  a  normal  Portland  cement  in  water  started 
to  hydrate  quickly  with  the  formation  of  hydrated  tricalcium 
aluminate  and  calcium  sulphoaluminate  crystals.  The  hydration 
of  tricalcium  silicate  was  slow  in  starting,  since  calcium  hydroxide 
crystals  and  the  accompanying  amorphous  hydrated  silicate 
were  noted  only  after  two  days.  The  further  hydration  of  this 
compoimd  proceeded  readily  with  the  formation  of  more  calcium 
hydroxide  and  amorphous  silicate.  After  a  week  the  beta- 
orthosilicate  in  the  fine  cement  grains  began  to  hydrate  to  the 
amorphous  silicate,  and  this  latter  covered  practically  the  whole 
slide. 

A  sample  of  normal  cement  hydrated  with  an  excess  of  water 
in  a  well-stopped  bottle  for  over  a  year  showed  hydrated  trical- 
cium aluminate  needles  and  plates,  sulphoaluminate  needles, 
calcium  hydroxide  crystals,  calcium  carbonate  crystals,  and 
amorphous  material.  Thus,  even  in  a  considerable  length  of  time, 
an  excess  of  water  did  not  bring  about  the  crystallization  of  the 
amorphous  hydrated  silicate. 

(C)  Use  of  Large  Volumes  of  Mixing  Water. — ^The  tricalcium 
silicate  is  in  most  cases  only  slightly  hydrated  at  the  end  of  24 
hours,  while  the  beta-orthosilicate  has  not  reacted  at  all.  There- 
fore, the  use  of  large  volumes  of  mixing  water,  as  is  done  in  mix- 
ing concrete  to  be  spouted  or  sent  through  chutes,  can  be  con- 
sidered only  in  relation  to  the  aluminates.     In  these  tests,  it  has 
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been  found  that  variations  in  the  amount  of  water  affected  only 
the  rate  at  which  the  aluminates  hydrated  and  crystaHzed,  the 
larger  the  amount  of  water  the  more  rapid  the  process,  and  as  the 
aluminates  crystalize  eventually,  it  is  better  that  the  process  take 
place  before  any  considerable  amount  of  rigidity  has  ensued  in 
the  cement,  as  there  is  less  danger  of  strains  being  set  up  by  the 
formation  of  crystals. 

(D)  Regauging  of  Cement. — Regauging  is  another  process  which 
likewise  apparently  affects  only  the  aluminates.  However,  the 
results  in  the  literature  are  varied,  as  in  some  cases  it  has  been 
found  to  improve  the  strength  of  cements,  and  in  other  cases  where 
continuous  mixing  has  been  employed  the  stength  tests  have 
fallen  off.  The  effect  of  regauging  is  merely  to  hydrate  a  greater 
amount  of  aluminate  than  would  be  done  by  one  mixing,  but  a 
very  important  fact  is  the  amount  of  gypsum  present.  From 
this  work  it  is  very  evident  that  the  early  strengths  in  cement 
are  due  not  to  the  crystallization  of  the  aluminates  but  to  the 
formation  of  a  dense,  hard,  amorphous  mass  of  hydrated  alumi- 
nate. Then  it  follows  that  the  greater  the  amount  of  hydrated 
aluminate  formed  in  24  hours,  the  greater  the  early  strength, 
and  for  this  reason  the  high  alumina  cements  always  show  high 
early  strengths.  It  has  already  been  noted  that  aluminates  with- 
out gypsum  set  up  almost  instantaneously  with  water,  but  that 
a  very  small  amount  is  hydrated.  In  other  words,  the  grains 
hydrate  along  the  edges  and  adhere,  so  that  the  addition  of  large 
amounts  of  water  has  little  effect  since  it  can  but  slowly  permeate 
through  the  amorphous  material  which  is  formed.  The  addition 
of  gypsum,  however,  allows  a  greater  amount  of  water  to  penetrate 
toward  the  center  of  the  grains  before  there  is  coagulation  with 
the  formation  of  the  impermeable  wall  through  which  the  water 
penetrates  very  slowly. 

Manifestly,  therefore,  the  slower  setting  the  cement  the  less  it 
will  be  benefited  by  remixing,  as  the  effect  of  the  latter  is  to  me- 
chanically remove  the  hydrated  material  from  the  surface  of  the 
grains,  thus  exposing  a  fresh  surface  to  be  hydrated.  Conversely, 
a  quick- setting  cement  will  be  benefited  by  remixing  or  continu- 
ous mixing,  until  a  point  is  reached  at  which  the  cohesion  be- 
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tween  the  hydrated  particles  is  reduced.  A  cement  takes  up 
water  very  slowly,  and  if  20  per  cent  of  water  be  used  in  mixing 
this  is  not  combined  even  after  the  cement  has  hardened,  but 
part  of  it  is  combined  and  part  is  mechanically  held  between  the 
grains,  where  it  slowly  penetrates  from  the  outside  to  the  center 
of  each  grain.  It  is  evident,  therefore,  that  an  excess  of  water  is 
necessary  for  complete  hydration.  However,  the  greater  the  ex- 
cess the  less  the  cohesion  between  the  particles  of  the  hydrated 
material  and  the  lower  the  resulting  strength  tests.  Therefore, 
additions  of  gypsum  to  the  cement  and  remixing  the  cement  play 
the  same  role  in  allowing  the  access  of  water  to  the  aluminate 
grains. 

(E)  Retardation  of  Set  Caused  by  Aeration. — From  the  results 
obtained  from  steam  tests  on  neat  cements  it  has  been  found,  as 
noted  before,  that  only  the  aluminates  and  free  lime  were  affected. 
The  same  results  hold  true  for  the  aeration  of  cements.  The 
slower  set  caused  by  aeration  is  due  to  the  hydration  of  the  free 
lime  and  to  the  absorption  of  a  small  amount  of  water  by  the  alumi- 
nate grains,  which  thus  form  on  their  surface  a  thin  layer  of  im- 
permeable amorphous  hydrated  aluminate.  When  the  cement  is 
gauged  with  water,  this  thin  layer  retards  the  passage  to  the  un- 
hydrated  center,  a  longer  time  ensues  before  hydration  and  coagu- 
lation takes  place,  and  the  initial  set  resulting  from  this  coagula- 
tion is  delayed. 

(F)  The  So-Called  Abnormal  Behavior  in  the  Autoclave. — It  has 
been  considered  by  several  experimenters  that  the  reactions 
taking  place  in  the  autoclave  are  abnormal  and  bear  no  relation 
to  those  taking  place  in  normal  hydration.  In  the  considerable 
aniount  of  work  done  with  the  autoclave  there  has  been  found  no 
evidence  of  abnormal  hydration,  except  in  the  partial  dehydration 
of  the  gypsum  and  hydrated  tricalcium  aluminate.  This  has  been 
overcome  by  filling  the  autoclave  three-fourths  full  of  water  and 
immersing  the  briquettes,  so  that  at  all  times  during  the  test  they 
are  completely  submerged  in  hot  water.  Under  these  conditions 
the  crystals  were  very  slightly  altered.  The  aluminate  crystals 
are  very  large,  but  no  larger  than  those  noted  at  the  end  of  28 
days.     On  the  other  hand,  the  calcium  hydroxide  crystals  are 
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much  larger  by  the  autoclave  hydration  than  by  normal  hydra- 
tion at  28  days.  They  do  not  lose  water  with  the  increase  in  tem- 
perature and  pressure.  By  subjecting  specimens  to  600  pounds 
pressure  for  two  hours  large  growths  of  calcium  hydroxide  crystals 
have  been  observed  which  could  be  removed  with  a  pair  of  for- 
ceps. On  the  other  hand,  crystals  of  calcium  hydroxide  of  equal 
size  have  been  noted  in  briquettes  which  had  been  stored  in  sea 
water.  The  presence  of  salts  in  solution  seems  to  favor  the  growth 
of  large  crystals  of  lime  hydrate.  Again,  columnar  aggregates 
growing  out  from  the  specimens  have  been  observed  in  briquettes 
stored  in  fresh  water  for  a  considerable  length  of  time.  These 
consist  of  calcium  carbonate  evidently  resulting  from  the  carbon- 
ation  of  calcium  hydroxide  due  to  exposure.  Wig  ^®  has  stated 
that  150  pounds  pressure  produced  the  maximum  strength  in 
treated  briquettes.  Probably  at  this  temperature  and  pressure 
the  calcium  hydroxide  crystals  would  more  nearly  approximate 
those  found  by  28-day  normal  hardening.  It  has  not  been  pos- 
sible to  confirm  his  strength  tests,  especially  with  high-silica  ce- 
ments, but  it  is  found  that  there  is  an  increased  amount  of  hy- 
drated  silicate  and  higher  strengths  in  briquettes  at  pressures 
much  over  150  pounds.  Probably  his  results  would  hold  more 
nearly  true  with  respect  to  higher  alumina  cements,  in  which  the 
increase  in  temperature  with  increasing  pressure  would  tend  to 
dehydrate  the  aluminates. 

With  regard  to  the  possible  formation  of  a  sand-lime  brick  bond 
in  the  specimens,  as  suggested  by  Cushman,"  it  is  possible  that 
such  a  reaction  does  take  place,  if  there  be  sand  present,  but  in 
the  neat  specimens  this  has  never  been  noted.  There  is  little,  if 
any,  uncombined  silica  in  a  normal  cement  which  would  be 
capable  of  combining  with  calcium  hydroxide,  and  certainly  not 
enough  to  affect  the  strengths  in  any  way. 

(G)  Action  of  Calcium  Sulphoaluminate  in  Disintegration  of  Ce- 
ment.— Two  other  compounds  play  an  important  part  in  the  hy- 
dration of  cement,  viz,  the  calcium  sulphoaluminate  and  free  lime. 
In  considering  the  first  compound,  the  disintegrating  action  which 
may  accompany  its  crystallization  has  been  greatly  exaggerated. 

i'Eng.  Record,  68,  pp.  16-17;  1913-  "Eng.  Record,  68,  pp.  14-is;  i9i3' 
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The  reason  is  that  though  the  compound  does  crystalHze  with 
large  amounts  of  water,  the  crystals  produced  in  a  hydrated  ce- 
ment are  extremely  small.  Under  the  microscope  the  maximum 
length  observed  was  never  over  0.04  mm  and  the  width  never 
over  0.0025  mm,  so  that  a  suspension  of  the  sulphoaluminate  crys- 
tals has  the  appearance  of  a  gelatinous  precipitate.  It  is  possible 
that  in  sea  water  or  in  alkaline  water  the  presence  of  other  salts 
in  solution  may  assist  in  the  development  of  larger  crystals  which 
might  then  exert  an  expansive  force.  Another  fact  which  pre- 
cludes their  having  any  considerable  disruptive  action  is  that  they 
begin  to  form  simultaneously  with  the  beginning  of  hydration  of 
the  alumina te,  and  before  the  cement  mass  has  begun  to  assume 
any  great  rigidity. 

In  the  disintegration  of  concrete  by  alkali,  Jewett  ^^  has  noted 
that  failure  is  caused  by  the  formation  of  crystals  whose  expansive 
force  is  enormous,  but  which  disintegrates  to  a  fine  powder  on 
exposure  to  air.  The  sulphoaluminate  crystals  probably  play  a 
part  in  this  disintegration,  although  not  through  the  expansive 
force  of  crystal  growth.  They  form  minute  crystals,  owing  to 
their  immediate  precipitation  from  solution  on  coming  in  con- 
tact with  limewater.  These  grow  very  little,  so  that  any  force 
produced  must  result  from  some  other  source,  i.  e.,  alkali  sulphate 
or  calcium  hydroxide  crystals.  The  sulphoaluminate  crystals, 
however,  lose  water  very  readily  and  disintegrate  to  a  fine  pow- 
der. If  they  were  present  in  large  quantities  in  a  cement,  their 
drying  out  and  disintegration  would  render  the  material  very 
porous  and  readily  allow  the  penetration  of  additional  quantities 
of  salt-bearing  waters.  Such  a  condition  could  only  come  about 
where  the  action  of  the  alkali  water  was  intermittent,  allowing 
first  a  drying  out  and  then  a  seepage  of  alkali.  Framm  ^^  considers 
the  presence  of  a  small  amount  of  sulphoaluminate  crystals  in 
cement  as  being  beneficial,  owing  to  the  increased  density  which 
results  from  their  presence. 

(4)  Action  of  Free  Lime  in  Accelerated  Tests. — The  most  inter- 
esting observations  on  the  hydration  of  cements  have  been  noted 
with  regard  to  the  behavior  of  free  lime.     This  compound  may 

'Sproc.  Am.  Soc.  Testing  Materials,  8,  p.  480;  1909.  69Chem.  Ztg.,  35,  p.  256;  1911. 
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or  may  not  be  present  in  a  cement.  It  is  generally  noted  in  small 
amounts  in  well-burned  higher  limed  cements  and  in  underburned 
lower  limed  cements.  On  h3''dration  free  lime  w^ill,  according  to 
its  fineness,  hydrate  as  crystalline  or  amorphous  calcium  hydroxide. 
It  is  to  this  formation  and  particularly  to  the  growth  of  large 
calcium  hydroxide  crystals  that  the  disruption  observed  in 
accelerated  tests  must  be  attributed.  Kuhl  ^^  has  noted  that 
expansion  phenomena  in  cement  are  not  due  to  the  increase  in 
volume  owing  to  formation  of  amorphous  calcium  hydroxide,  but 
result  from  pressure  caused  by  growing  crystals  and  exerted  in  only 
one  plane.  Ready  confirmation  of  this  in  the  autoclave  tests  has 
been  found. 

Where  the  free  lime  is  distributed  evenly  throughout  the  cement 
the  growth  of  crystals  may  be  such  as  to  cause  a  briquette  to 
expand  enormously  in  all  directions,  the  expansion  causing  a 
decrease  in  cohesion  of  the  cement  particles  until  complete  dis- 
integration takes  place,  and  the  briquette  falls  to  pieces  as  a  coarse 
granular  powder.  In  other  cases,  where  there  seems  to  be  a 
segregation  of  free  lime,  the  development  of  crystals  may  cause 
cracking. 

This  ability  of  lime  to  form  either  crystalline  or  amorphous  cal- 
cium hydroxide  on  hydration,  depending  upon  the  physical  char- 
acteristics of  the  lime,  readily  explains  the  behavior  of  various 
cements  in  the  accelerated  tests.  For  instance,  (i)  some  cements 
will  not  pass  the  boiling  test,  (2)  some  will  pass  the  boiling  test 
but  not  the  autoclave  test,  (3)  and  others  will  pass  either  test 
after  seasoning  where  previously  they  would  not.  In  the  first 
case  the  free  lime  is  sufficiently  fine  and  high-burned  so  that  in  the 
boiling  test  it  may  hydrate,  crystallize,  and  the  growth  of  crystals 
may  be  sufficient  to  cause  disintegration.  In  the  second  case,  the 
free  lime  may  be  so  coarse  or  highly  burned  as  not  to  hydrate  in  the 
boiling  test,  but  only  in  the  autoclave  due  to  the  high  pressure  and 
temperature  employed.  In  the  third  case,  aeration  with  insuffi- 
cient water  to  allow  solution  and  crystallization  may  cause  the 
free  lime  to  hydrate  to  the  amorphous  condition.  In  the  acceler- 
ated tests  there  is  no  formation  of  crystals  from  this  amorphous 
material,  hence  no  disintegration. 

fiOTonind.  Ztg.,  86,  pp.  1331-1334;  1912- 
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Gano  ^^  has  noted  that  defective  pats  stored  in  air  and  water 
after  three  months  stood  the  boiUng  test  perfectly.  In  these  cases 
the  hydration  of  the  free  Ume  was  complete,  so  that  there  was  no 
free  lime  to  be  affected  by  the  boiling  test.  These  defective  pats 
might  not  have  passed  the  boiling  test  at  either  7  or  28  days,  if  the 
hydration  of  the  free  lime  were  not  complete,  owing  to  the  fact  that 
hot  water  accelerates  the  hydration  of  unhydrated  lime  sufficiently 
to  cause  a  rapid  growth  of  crystals  and  a  corresponding  disruption 
of  the  other  hydrated  material. 

It  has  been  stated  that  the  aluminate  crystals  do  not  grow  to 
nearly  the  same  extent  as  do  the  calcium  hydroxide  crystals.  It 
is  very  probable  that  the  falling  off  in  strengths  noted  between  7 
and  28  days  is  due  quite  as  much  to  the  growth  of  calcium  hydrox- 
ide crystals  as  it  is  to  the  growth  of  hydrated  tricalcium  aluminate 
crystals. 

V.  SUMMARY 

The  following  summary  and  conclusions  are  made  by  the  authors 
as  a  result  of  this  investigation: 

This  investigation  included  the  preparation  of  cement  minerals 
in  conditions  as  nearly  pure  and  homogeneous  as  possible.  They 
consisted  of  the  following  compounds:  Free  lime,  tricalcium 
aluminate,  5:3  calcium  aluminate,  monocalcium  aluminate,  beta- 
calcium  orthosilicate,  gamma-calcium  orthosilicate,  and  tri- 
calcium silicate.  The  hydrations  took  place  on  microscopic  slides 
with  an  excess  of  water,  in  a  cylinder  with  steam  at  atmospheric 
pressure,  and  in  the  autoclave  with  steam  at  various  temperatures 
and  pressures.  The  compounds  were  also  molded  with  quantities 
of  water  approximately  those  used  in  normal-consistency  mix- 
tures, lyime water  and  calcium  sulphate  solutions  were  also  used 
as  the  hydration  medium. 

With  an  excess  of  water,  tricalcium  aluminate  hydrates  as  the 
compound  3CaO.Al2O3.xH2O,  where  x  varies  with  the  drying  con- 
ditions. 5:3  calcium  aluminate  and  monocalcium  aluminate,  on 
hydrating,  split  off  amorphous  hydrated  alumina  and  form  the 
hydrated  tricalcium  aluminate.  Under  conditions  such  as  typified 
by  the  molded  specimens,  the  above  crystallized  compound  does 

61  Eng.  News,  67,  p.  980. 
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not  form  immediately,  but  separates  from  solution  as  an  amor- 
phous material.  In  steam  at  atmospheric  pressure  a  little  crys- 
talline aluminate  is  formed  with  the  amorphous  material,  still 
more  in  the  autoclave,  and  finally,  on  microscope  slides,  the 
hydrated  tricalcium  aluminate  is  entirely  crystallized.  Wherever 
the  amorphous  aluminate  is  formed,  it  slowly  but  eventually 
changes  to  the  crystallized  compound. 

The  hydration  of  the  aluminates  begins  readily  in  all  cases. 
With  an  excess  of  water  the  reaction  progresses  rapidly,  and  in  a 
few  days  the  aluminates  are  completely  hydrated.  With  re- 
stricted amounts  of  water,  however,  the  individual  aluminate 
grains  become  coated  with  amorphous  hydrated  aluminate, 
thj-ough  which  further  action  proceeds  with  more  or  less  difficulty. 

The  tests  in  steam  at  atmospheric  pressure  showed  that  the 
weakly  basic  aluminates  do  not  absorb  water  above  iio°  C,  while 
the  more  basic  aluminates  absorb  water  up  to  140°  C.  Further- 
more, a  specimen  of  tricalcium  aluminate  containing  high-burned 
free  lime  absorbes  water  even  at  175°  C. 

The  nature  of  the  calcium  hydroxide,  formed  by  the  hydration 
of  free  lime  with  much  water,  depends  upon  the  fineness  of  the 
lime  grains  and  the  burning  temperature.  With  coarser  lime 
grains  and  with  highly  burned  lime  the  hydration  produces  a  pre- 
ponderance of  crystallized  calcium  hydroxide.  On  the  other 
hand,  with  fine  lime  grains  and  with  low-burned  lime,  mainly 
amorphous  hydroxide  is  formed.  Calcium  hydroxide  crystals  are 
much  more  inactive  chemically  than  the  amorphous  variety. 
White's  solution,  which  attacks  the  amorphous  hydroxide  almost 
instantly,  reacts  extremely  slowly  with  the  crystals.  In  the  auto- 
clave the  amorphous  variety  is  not  changed,  whereas  free  lime 
yields  according  to  its  fineness  and  burning  temperature  crystal- 
lized and  amorphous  hydroxide.  The  crystals  here  often  grow 
to  large  size,  depending  upon  the  length  of  time  of  reaction,  the 
temperature,  and  the  pressure. 

The  hydration  of  the  aluminates  in  limewater  reveals  the  same 
compounds  as  in  distilled  water.  No  new  type  of  crystals  which 
might  indicate  hydrated  tetracalcium  aluminate  was  observed. 
There  does  seem  to  be  an  action,  however,  between  the  hydrated 
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alumina  split  off  and  the  calcium  hydroxide  of  the  solution,  result- 
ing in  a  greater  development  of  crystallized  hydrated  tricalciura 
aluminate. 

Aluminates  hydrated  in  the  autoclave  with  an  excess  of  lime- 
water  give  no  new  type  of  compound.  The  plate  crystals  of 
hydrated  tricalcium  aluminate  are  rather  poorly  developed. 
The  addition  of  dry  calcium  hydroxide  up  to  50  per  cent  decidedly 
retards  the  crystal  growth  of  the  aluminates  in  the  autoclave. 

The  first  effect  of  gypsum  solution  on  the  aluminates  is  to  retard 
the  formation  of  amorphous  hydrated  material  and  keep  the  pores 
of  the  material  open  to  the  further  penetration  of  water.  Speci- 
mens hydrated  in  saturated  gypsum  solutions  show  the  highest 
ignition  loss  after  six  days.  The  products  of  hydration  are  the 
same  as  those  with  distilled  water,  with  the  exception  of  the 
additional  formation  of  sulphoaluminate  needles.  This  new  com- 
pound is  identical  for  all  three  aluminates,  and  its  formula  is 
3CaO.Al203,  3CaS04,  XH2O.  The  formation  of  this  compound  is 
only  incidental  to  the  initial  set  and  not  the  cause  of  its  retarda- 
^tion,  since  the  compound  is  formed  before,  during,  and  after  the 
set.  Variation  of  the  gypsum  content  above  and  below  a  certain 
definite  concentration  causes  a  decrease  in  the  setting  time. 

The  problem  of  initial  set  is  probably  one  involving  the  action 
of  small  amounts  of  electrolytes  in  retarding  the  coagulation  of 
the  amorphous  aluminate  material.  The  evidence  is  in  favor  of  the 
fact  that  the  aluminates  coagulate  and  separate  as  amorphous 
bodies  from  supersaturated  solutions,  the  rate  of  coagulation 
being  affected  by  such  small  quantities  of  electrolyte  as  to  pre- 
clude the  possibility  of  the  reaction  being  solely  a  chemical  one. 
Thus  with  a  certain  and  definite  concentration  of  gypsum,  maxi- 
mum hydration  is  attained,  and  at  the  same  time  the  rate  of  coag- 
ulation is  retarded,  increasing  the  time  of  set. 

The  sulphoaluminate  crystals  are  broken  up  in  the  autoclave, 
as  is  also  gypsum.  Club-shaped  crystals  are  noted  with  optical 
constants  that  suggest  a  composition  between  gypsum  and  anhy- 
drite. With  higher  temperatures  and  pressures  water  is  even 
driven  out  of  the  amorphous  hydrated  aluminate.  Gypsum 
favors  the  growth  of  hydrated  tricalcium  aluminate  crystals  in 
the  autoclave. 
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Calcium  metasilicate,  as  well  as  gamraa-calcium  orthosilicate, 
is  practically  inert  with  regard  to  hydration.  Beta-calcium 
orthosilicate  is  but  slightly  hydrated  in  water  after  a  considerable 
length  of  time.  This  is  manifested  by  a  slight  etching  of  the 
grains  and  the  formation  of  a  small  amount  of  amorphous  material. 
The  action  of  limewater  and  plaster  solution  does  not  materially 
increase  the  hydration.  The  treatment  of  this  silicate  with  tri- 
calcium  aluminate  solution  gives  maximum  hydration  and  the 
best  28-day  test  pieces.  In  mixtures  of  the  beta-orthosilicate 
and  the  aluminates  the  latter  show  some  hydration  while  the 
former  is  unhydrated  after  24  hours,  at  which  time  cements  are 
exposed  to  accelerated  tests.  At  28  days  the  aluminates  are  com- 
pletely hydrated,  and  the  silicate  shows  quite  a  little  hydration. 
The  test  pieces,  while  exhibiting  fairly  good  rigidity,  have  not  the 
strength  of  corresponding  cement  briquettes.  The  slides  of  beta- 
calcium  orthosilicate  and  aluminates  indicate  that  the  hydration 
of  the  aluminates  proceeds  as  previously  noted.  With  an  excess 
of  water  the  silicate  hydrates  more  quickly  than  with  limited 
water,  the  product  being  the  same  amorphous  gel-like  material. 

Homogeneous  tricalcium  silicate  was  not  obtained,  the  most 
satisfactory  product  containing  an  extremely  small  amount  of 
free  lime,  beta-orthosilicate  and  tricalcium  aluminate.  Tri- 
calcium silicate  acts  entirely  differently  from  either  beta-orthosili- 
cate or  mixtures  of  beta-orthosilicate  and  lime,  with  respect  to 
hydration.  It  hydrates  readily  with  excess  of  water,  with  limited 
water,  and  in  the  autoclave.  The  products  of  hydration  are 
identical  and  consist  of  calcium  hydroxide  crystals  and  amorphous 
hydrated  silicate.  No  hydrated  calcium  metasilicate  needles  are 
obser^^ed.  It  sets  hard  in  5  hours  and  shows  no  sign  of  disinte- 
gration after  28  days  in  water,  in  the  autoclave.  The  size  of  the 
calcium  hydroxide  crystals  depends  upon  the  pressure.  In  general 
the  greater  the  pressure  the  larger  the  crystals.  Mixing  tri- 
calcium silicate  with  beta-calcium  orthosilicate  has  no  favorable 
effect  on  the  hydration  of  the  latter. 

Mixtures  of  tricalcium  silicate  and  the  aluminates  gauged  with 
water,  lime  water,  and  plaster  solution  show  first  the  beginning  of 
hydration  of  the  aluminate,  followed  shortly  by  the  hydration  of 
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the  silicate.  The  28  specimens  are  extremely  dense,  hard,  and 
strong,  comparing  very  favorably  with  the  strongest  neat  cement 
briquets. 

The  hydration  of  cements  is  thus  brought  about  by  the 
formation  of  amorphous  hydrated  tricalcium  aluminate  with  or 
without  amorphous  alumina,  the  aluminate  later  crystallizing. 
At  the  same  time  sulphoaluminate  crystals  are  formed,  and  low- 
burned  or  finely  ground  lime  is  hydrated.  The  formation  of  the 
above  compounds  begins  within  a  short  time  after  the  cement  is 
gauged.  The  next  compound  to  react  is  tricalcium  silicate.  Its 
hydration  may  begin  within  24  hours,  and  it  is  generally  completed 
within  7  days.  Between  7  and  28  days  the  amorphous  aluminate 
commences  to  crystallize  and  beta-orthosilicate  begins  to  hydrate. 
Although  the  latter  is  the  chief  constituent  of  the  American 
Portland  cements,  it  is  the  least  reactive  compound.  The  early 
strength  (24  hours)  of  cements  is  probably  due  to  the  hydration  of 
free  lime  and  the  aluminates.  The  increase  in  strength  between  24 
hours  and  7  days  depends  upon  the  hydration  of  tricalcium  silicate, 
although  the  further  hydration  of  aluminates  may  contribute 
somewhat.  The  increase  between  7  and  28  days  is  due  to  the 
hydration  of  beta-calcium  orthosilicate,  but  here  are  encountered 
opposing  forces,  in  the  hydration  of  any  high-burned  free  lime 
present  and  in  the  crystallization  of  the  aluminate.  It  is  to  this 
hydration  that  the  falling  off  in  strength  between  7  and  28  days  of 
very  high-burned  high  limed  cements  is  due,  whereas  the  decrease 
shown  by  the  high  alumina  cements  is  due  to  the  crystallization  of 
the  aluminate.  Finally,  the  iron  in  the  cement  is  resistive  to 
hydration  and  does  not  form  any  definite  crystalline  hydration 
products,  but  occurs  as  a  rust-like  material. 

The  last  statement  is  perfectly  true  for  the  cements  we  have 
examined  and  contains  nothing  derogatory  to  the  so-called  iron 
cements. 

Washington,  April  18,  1914. 
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I.  INTRODUCTION 

The  disintegration  of  concrete  when  exposed  to  strongly  alkaline 
soils  and  waters  in  arid  regions  of  the  western  part  of  the  United 
States  has  been  a  subject  of  discussion  by  engineers  and  users 
of  cement  for  the  past  10  or  15  years.     There  are  many  concrete 
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structures  in  these  districts  which  do  not  appear  to  be  affected 
by  the  salts,  but  there  are  some  which  were  apparently  made  of 
good  materials  and  were  well  fabricated  which  show  indications 
of  being  attacked. 

There  are  many  engineers  who  believe  that  well-fabricated 
concrete  will  not  disintegrate  when  exposed  to  these  alkali  salts 
and  that  many  cases  of  failure  which  have  been  reported  have 
not  been  caused  primarily  by  the  alkali  but  resulted  from  the 
use  of  poor  aggregate,  improper  methods  of  fabrication,  or  other 
causes  which  resulted  in  a  poor  quality  of  concrete. 

A  laboratory  investigation  was  started  in  1908  by  the  tech- 
nologic branch  of  the  United  States  Geological  Su5-vey  to  deter- 
mine the  effect  of  alkali  waters  on  cements  and  concretes.  In 
1 910  this  work  was  transferred,  by  act  of  Congress,  with  all 
structural  materials  investigations,  to  the  Bureau  of  Standards. 
The  investigations  were  continued  and  the  results  were  published 
in  1912.^  Briefly,  these  investigations  showed  that  practically  all 
cements  are  attacked  by  alkali  waters  upon  exposiu'e  in  the 
laboratory,  and  complete  disintegration  can  be  obtained  under 
certain  conditions.  Similar  investigations  have  been  made  by 
other  laboratories  with  similar  results.^ 

Disintegration  in  the  laboratory  can  apparently  be  obtained  in 
two  ways.  If  the  cement  specimen  is  somewhat  porous  and  it  is 
constantly  supplied  with  a  salt  solution  which  is  permitted  to 
crystallize  in  the  pores,  disintegration  may  result  from  the  mechan- 
ical force  exerted.  If  hydra  ted  cement  is  brought  into  intimate 
contact  with  certain  sulphate  or  chloride  solutions,  the  uncar- 
bonated  lime  of  the  cement  is  subject  to  comparatively  rapid 
solution,  with  a  resulting  decomposition  of  the  cement.  Labora- 
tory tests,  however,  must  always  be  interpreted  with  caution,  as 
conditions  often  differ  somewhat  from  service,  and  it  is  on  this 
account  that  a  field  investigation  was  undertaken  in  which  cement 
mortar  and  concrete  mixtures  of  various  qualities  could  be  brought 
into  intimate  contact  with  alkali  salts  under  natural  conditions. 

The  Bureau  of  Standards  has  made  a  field  survey  of  concrete 
structures  exposed  to  alkali  waters  in  several  of  the  Western 

*  Technologic  Paper  No.  12,  "Action  of  the  salts  in  alkali  water  and  sea  water  on  cements." 
2  Montana  State  Agricultural  College,  Circular  No.  8,  1910;  Bulletin  No.  81,  1910.    Colorado  Agricultural 
Experimental  Station,  Bulletin  No.  132. 
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States.  There  is  a  tendency  for  the  cement  user  to  attribute  to 
alkali  all  failures  occurring  in  these  districts,  if  any  alkali  is 
visible  in  the  surrounding  soil.  Therefore,  such  failiu-es  as  occur 
in  the  eastern  part  of  the  United  States,  due  to  poor  materials 
or  improper  methods  of  fabrication,  are  often  excused  in  the 
irrigated  districts  as  failures  due  to  alkali. 

A  description  of  several  of  the  structures  which  were  examined 
will  serve  to  illustrate  the  conditions  as  they  exist. 

In  Fig.  I  is  shown  a  small  concrete  structure  known  as  a  ''  tiurn- 
out"  for  irrigation  water,  which  was  built  about  1907.  One 
portion  of  this  structure  is  completely  disintegrated  while  another 
portion  is  sound.  The  sound  portion  is  a  beam  on  the  lower  side 
extending  into  the  wing  walls  exposed  to  the  earth  at  each  end 
and  located  so  that  half  of  it  is  above  the  concentrated  alkali 
water  and  half  below.  The  composition  of  the  salts  was  found 
to  be  as  follows: 

Per  cent 

Water  soluble 65.  33 

Insoluble 31-19 

Loss  at  110°  C 3.  14 

Analysis  of  water  soluble  portion : 

Per  cent 

CaO o.  04 

38 
60 
II 

58 
19 

77 

The  following  method  was  used  for  determining  the  water 
soluble  portion : 

Five  grams  of  the  sample  were  heated  to  i  io°  C  for  i8  hours  or 
until  constant  weight  was  obtained.  This  gave  ''loss  at  iio°  C." 
This  dried  residue  was  digested  with  50  cc  of  water,  filtered  and 
washed  until  practically  free  from  salts  soluble  in  water.  The 
"insoluble"  was  dried  at  110°  C  and  weighed.  Aliquot  parts  of 
the  solution  were  taken  for  determination  of  soluble  salts. 

The  form  marks  were  still  visible  on  the  beam  when  examined 
in  191 2,  and  it  did  not  appear  to  have  been  affected  in  the  least 
by  the  alkali  salts.  The  remainder  of  the  structure  is  completely 
disintegrated  so  that  it  can  be  torn  apart  with  the  hands  and  the 


MgO 

NaoO 43 

K26 

SO3 53 

CO2 2 

CI 
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pores  are  filled  with  salts.  This  canal  has  never  been  used  for  the 
purpose  of  distributing  irrigation  water,  and  the  structure  is 
exposed  to  the  concentrated  seepage  water  which  collects  from 
the  higher  surrounding  land  and  which  flows  through  the  ditch. 

The  beam  was  molded  and  ctired  in  the  yard  and  set  into  place 
in  the  "turnout"  several  days  later,  at  the  time  the  turnout  was 
cast.  No  records  were  available  to  show  the  composition  or 
method  of  molding,  but  it  was  stated  that  probably  the  same 
materials  and  proportions  were  used  in  both  parts  of  the  struc- 
ture. The  primary  cause  of  failure  of  the  disintegrated  portion 
may  not  be  the  alkali  salts,  although  it  would  appear  that  alkali 
might  be  responsible.  The  excellent  condition  of  the  beam,  how- 
ever, would  demonstrate  that  concrete  can  be  made  which  will 
resist,  at  least  for  a  number  of  years,  the  action  of  concentrated 
alkali  of  the  character  found  at  this  locality. 

Fig.  2  shows  the  lower  end  of  a  small  concrete  gate  culvert, 
which  is  badly  disintegrated.  Alkali  salts  are  visible  on  the  surface 
of  the  soil  siuTOunding  the  culvert  at  the  lower  end.  The  water 
carried  through  the  culvert  is  fresh  irrigation  water.  The  walls 
of  the  culvert  at  the  upper  end  appear  sound  and  normal.  An 
analysis  of  the  disintegrated  concrete  taken  from  the  walls  at 
the  lower  end  give  the  following  results.  Two  analyses  were 
made  of  the  sample,  (a)  of  the  solid  lumps,  (b)  of  the  soft  or 
crumbly  portion. 


Insoluble:  Sand,  etc 

Soluble: 

Si02 

FezOa 

AI2O3 

CaO 

MgO 

SO3 

CI 

CO2 

Water,  etc.,  at  500°  C 


(a) 


(b) 


Per  cent 

Per  cent 

79.26 

65.80 

3.29 

3.60 

1.20 

.80 

1.57 

2.06 

7.02 

13.64 

.60 

.55 

.14 

.25 

Trace. 

Trace. 

4.67 

8.82 

2.18 

4.39 

The  foregoing  analyses  computed  to  a  " sand  and  moisture  free" 
basis  give: 
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Fig.  I. — Concrete  "  turnout"  in  alkali  soil  on  abandoned  irrigation  canal,  showing 
the  coTTiplete  disintegration  of  one  portion  of  the  structure,  with  a  premolded  beam 
in  the  foreground  which  is  perfectly  sound.  White  appearance  of  disintegrated 
portion  is  caused  by  the  alkali  salts  which  fill  the  pores 


Fig.  2. — Concrete  gate  culvert  in  alkali  soil  on  irrigation  canal.  Note  complete  dis- 
integration of  concrete  in  foreground  while  upper  end  is  perfectly  sound.  White 
deposit  of  alkali  is  visible  on  the  left  above  the  surface  of  the  water 


1 
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Soluble: 

sio.. 

FejOs 
AI2O3 
CaO. 
MgO 
SO3.. 
CO2.. 


(a) 


(b) 


Per  cent 

Per  cent 

17.80 

12.12 

6.49 

2.69 

8.50 

6.93 

37.98 

45.90 

3.25 

1.85 

.76 

.84 

25.22 

29.67 

After  calculating  the  amount  of  MgO  and  CaO  necessary  to 
satisfy  the  CO2  and  SO3  there  is  left  in  (a)  9.8  per  cent  CaO  and 
in  (b)  1 0.1  per  cent  CaO. 

These  analyses  show  no  abnormality  which  would  account  for 
the  disintegration.  The  sodium  and  potassium  were  not  deter- 
mined, but  they  were  evidently  not  in  excess  of  i  per  cent.  The 
SO3,  CI,  and  MgO  were  also  normal.  Therefore  it  would  seem 
that  the  failure  could  not  have  been  caused  by  the  alkali,  although 
no  other  explanation  can  be  offered  without  a  knowledge  of  the 
materials  used,  method  employed,  and  weather  conditions  at  the 
time  of  fabrication.     This  information  is  not  available. 

The  concrete  wing  wall  of  a  large  culvert  shown  in  Fig.  3  was 
cited  as  a  case  of  disintegration  due  to  alkali  salts.  Upon  inves- 
tigation it  was  found  that  there  was  a  bend  in  the  creek  at  the 
point  where  the  culvert  is  located,  and  during  flood  the  creek 
carried  bowlders  12  to  20  inches  in  diameter  which  would  be 
thrown  against  the  wall. 

Alkali  salts  are  visible  in  the  pores  where  the  surface  is  eroded 
to  a  considerable  depth,  but  the  cement  and  concrete  appears 
hard  and  the  presence  of  the  alkali  would  seem  to  be  incidental 
and  contributory  rather  than  the  initial  cause  of  disintegration. 
The  composition  of  the  alkali  salts  taken  from  the  surface  was  as 
follows : 

Soluble  (calculated  on  loo  per  cent  basis):  Percent 

CaO o.  91 

MgO 48 

NasO 41.  32 

K,0 Trace. 

SO3 : 55.98 

CI 16 

COa Trace. 
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In  Fig.  4  is  shown  a  large  railroad  culvert  with  a  portion  of  an 
old  concrete  structure  remaining  in  the  foreground.  The  concrete 
remaining  from  the  old  structure  is  completely  disintegrated,  so 
that  it  can  be  torn  apart  with  the  fingers,  and  alkali  salts  are 
found  in  the  pores.  The  new  culvert,  which  is  about  eight  years 
old,  appears  to  be  sound  and  normal  with  the  exception  of  a  few 
spots  near  the  ground  line  which  can  be  scraped  away  with  a 
knife.  The  culvert  as  a  whole  does  not  evidence  good  work- 
manship in  fabrication. 

The  surface  of  the  surrounding  soil  is  covered  with  alkali  salts 
having  the  following  composition: 

Per  cent 

Water  soluble 8. 45 

Insoluble 78.  35 

Loss  at  110°  C 13-98 

Analysis  of  water  soluble  portion :  Per  cent 

CaO 36. 16 

MgO 71 

NasO 5.  37 

K2O 24 

S63 57.  28 

CI .24 

In  Fig.  5  is  shown  a  small  concrete  retaining  wall  the  coping  of 
which  is  disintegrated  and  referred  to  as  a  failure  due  to  alkali 
salts.  The  surface  of  the  soil  surrounding  this  wall,  both  at  the 
top  and  along  the  sides,  shows  the  presence  of  alkali  salts.  The 
wall  is  sound  and  hard  at  all  points  examined  excepting  the  cop- 
ing where  disintegration  is  shown.  Since  structures  are  found  in 
the  East  where  no  alkali  salts  are  present,  which  appear  just  as 
the  one  shown  with  the  coping  sluffed  off  due  to  frost  action  on  a 
very  weak  section  in  the  concrete  that  results  from  the  use  of 
watery  mixtures,  it  is  quite  possible  that  the  disintegration  of  the 
coping  in  this  structure  is  due  to  that  cause.  In  mixtures  in 
which  an  excessive  amount  of  water  is  used  the  fine  material  in 
the  aggregate  and  cement  will  float  to  the  surface  in  the  forms  as 
they  are  filled  and  collect  at  the  top  of  the  form,  resulting  in  a 
very  porous  and  weak  section  which  is  readily  attacked  by  frost. 

It  is  practically  impossible  to  analyze  some  of  the  failures  which 
have  occurred  and  state  definitely  the  part  played  by  the  alkali 
salts,  as  a  result  of  which  it  was  deemed  desirable  to  make  field 
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Fig.  3. — Concrete  wing  wall  of  culvert  in  alkali  soil  under  irrigation  canal.  Damage 
attributed  to  alkali  due  to  appearance  of  alkali  on  eroded  surface.  Initial  erosion 
probably  due  to  impact  of  large  bowlders  brought  down  by  flood  water 


Fig.  4, — Concrete  culvert  in  alkali  soil  under  railway  roadbed.  Small  mass  of  con- 
crete in  foreground  remaining  from  an  earlier  structure  is  completely  disintegrated. 
Present  structure  shows  no  effect  of  alkali  action  although  it  is  considerably  cracked 
from  settlement 


r 
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Fig.  $.— Concrete  retaining  wall  in  alkali  soil.  Alkali  salts  are  visible  in  the  sur- 
rounding soil.  There  is  no  disintegration  of  concrete  in  lower  section  just  above 
water  level,  where  it  usually  occurs.  Disintegrated  coping  is  probably  due  to  use  of 
excess  of  water  in  concrete  at  time  of  placing 
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tests  in  which  concrete  of  known  composition  and  fabrication 
would  be  exposed  in  some  of  the  worst  known  alkali  districts  in 
the  West. 

It  was  decided  that  this  investigation  should  be  started  by 
exposing  various  cement  mixtures  in  the  form  of  drain  tile,  because 
of  its  economic  importance.  It  will  probably  become  necessary 
to  drain  the  greater  part  of  all  lands  under  irrigation,  and  much 
of  this  drainage  will  require  the  use  of  tile.  The  cost  of  drainage 
has  been  estimated  as  approximately  $25  per  acre,  from  which  it 
is  seen  that  many  millions  of  dollars  must  be  spent  for  this  pur- 
pose. At  the  present  time  there  are  few  known  deposits  of  clay 
available  for  the  manufacture  of  satisfactory  clay  tile  in  these 
districts,  while  materials  for  the  manufacture  of  cement  tile  are 
usually  found  close  at  hand,  but  many  engineers  are  skeptical  of 
the  permanency  of  cement  tile,  as  a  number  of  failures  have 
occurred  which  have  been  reported  to  have  been  caused  by  the 
alkali  salts. 

This  investigation  of  cement  tile  should  be  followed  with  an 
exposure  of  generous  sized  blocks  of  concrete  of  known  composi- 
tion which  would  simulate  mass  construction  and  would  extend 
from  below  the  surface  of  the  ground  or  water,  in  order  to  deter- 
mine the  possibility  of  disintegration  by  the  mechanical  force 
exerted  by  the  crystallization  of  the  salts  absorbed  by  capillarity 
into  the  pores  of  the  concrete  above  the  water  or  ground  surface. 
It  is  anticipated  that  such  an  investigation  will  be  conducted. 

It  is  desired  to  thank  the  United  States  Reclamation  Service 
and  the  several  project  managers  and  engineers  for  their  assistance 
and  for  furnishing  the  labor  necessary  in  installing  the  drains  at 
Montrose,  Colo.;  Garland,  Wyo.;  Fort  Shaw,  Mont.;  Sunnyside, 
Wash. ;  and  Yuma,  Ariz. ;  the  drainage  division  of  the  Department 
of  Agriculture  and  their  field  engineers  for  their  assistance  and  for 
furnishing  the  labor  necessary  in  installing  the  drains  at  Grand 
Junction,  Colo. ;  Columbia,  Mo.;  Crookston,  Minn.;  Huntington, 
Utah;  and  Roswell,  N.  Mex. ;  the  Iowa  State  College  for  providing 
storage  space  for  a  complete  set  of  tile;  and  P.  H.  Atwood  and 
the  Armstrong  Cement  Works,  Armstrong,  Iowa,  for  their  hearty 
cooperation  and  interest  in  the  manufacture  of  the  tile.  Acknowl- 
edgment is  also  made  to  the  chemical  division,  A.  N.  Finn,  and 
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G.  J.  Hough,  of  the  Bureau  of  Standards,  for  the  chemical  analyses 
of  waters,  alkalies,  soils,  and  disintegrated  concretes. 

11.  OUTLINE   OF   INVESTIGATION 

An  advisory  committee  was  organized  composed  of  S.  H. 
McCrory,  chief  of  drainage  investigations,  Department  of  Agri- 
culture; F.  W.  Hanna,  supervising  engineer  of  the  United  States 
Reclamation  Service  (later  succeeded  by  E.  C.  Bebb,  engineer.  Rec- 
lamation Service) ;  L.  R.  Ferguson,  assistant  secretary  of  the 
Association  of  American  Portland  Cement  Manufacturers;  and 
Rudolph  J.  Wig,  of  the  Biu-eau  of  Standards.  This  committee 
held  several  meetings  and  finally  developed  a  program  which 
required  the  manufacture  of  about  8800  cement  drain  tile  made 
up  of  16  different  varieties,  as  shown  in  the  schedule  below. 

Schedule  of  Mixtures  and  Processes  of  Manufacture  of  the  Tile 


Series 


Proportions 
cement-sand 


Consistency 


Manufacture 


Curing 


1... 
2... 
3... 
40- 
56. 
6c. 
7... 
8... 
9... 
10.. 
11.. 
12-. 
13.. 
14.- 
\5d 
16* 


l:2M 

1:2M 

1:2 

1:2 

1:2 

1:2 

1:3 

1:4 

1:1M 

I'.VA 

1:3 

1:4 

l:2K 

1:3 

1:3 

1:4 


Plastic 

Ouakine 

Handmade 

do 

Plastic 

do 

do 

do 

do 

do 

do 

do 

do 

do 

Machine-made 
do 

do 

do 

do 

do 

do 

do 

do 

do 

do 

do 

Fluid 

Handmade 

do 

do 

Plastic 

Machine-made 

Sprinkling 

Do. 
Steam 

Do. 

Do. 

Do. 

Do. 

Do. 
Sprinkling 
Steam 
Sprinkling 

Do. 
Steam 
Sprinkling 

Do. 
Steam 


a  Dipped  in  neat  cement  grout,  20  to  24  hours  after  molding. 
*>  Dipped  in  hot  tar  6  weeks  after  molding. 
<=  10  %  ferrous  sulphate,  by  weight,  addr  d  to  mixed  water. 

<*  Sand-cement  used  in  place  of  Portland  cement.  ^ 

<  From  factory  stock  pile.    Northwestern  States  Portland  cement.    Age  probably  6  months  when  above 
series  were  ^ade. 

The  tile  were  made  as  described  later,  under  contract  at  a  com- 
mercial tile  plant,  and  under  the  supervision  of  a  representative 
of  the  Bureau  of  Standards.     Work  was  commenced  in  July  and 
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completed  in  September,  191 3,  and  shipments  were  made  in  Octo- 
ber, which  allowed  a  curing  period  of  one  month  for  the  last  tile 
made.  Although  it  was  anticipated  that  some  of  the  tile  of  the 
leaner  mixtiu-es  which  are  satisfactory  in  the  humid  regions  would 
fail  in  these  alkali  soils,  the  program  was  arranged  to  include  tile 
made  from  the  leanest  to  the  richest  commercial  mixtvires. 

The  tile  were  installed  in  operating  drains  on  eight  projects  in 
the  most  concentrated  alkali  soils  available  in  the  West  and  on 
projects  where  there  was  practically  no  alkali  for  comparison. 
The  location  of  these  projects  is  as  follows: 

Alkali  projects:  Garland,  Wyo.;  Fort  Shaw,  Mont.;  Hunting- 
ton, Utah;  Sunnyside,  Wash.;  Yuma,  Ariz.;  Roswell,  N.  Mex. ; 
Grand  Junction,  Colo. ;  Montrose,  Colo. 

Fresh- water  projects:  Crookston,  Minn. ;  Columbia,  Mo. 

One  set  of  tile  of  each  type  also  was  stored  in  the  open  exposed 
to  the  atmosphere  at  Ames,  Iowa,  for  reference  and  test. 

The  program  requires  the  removal  of  at  least  two  tile  of  each 
type  at  each  project  every  year  for  test  and  inspection.  Sufficient 
tile  were  made  and  installed  to  continue  the  investigation  10  years 
or  longer  if  necessary. 

To  replace  the  tile  which  were  removed  for  test  during  191 4  a 
supply  of  8-inch  cement  tile  were  furnished  by  the  Universal  Port- 
land Cement  Co.  A  description  of  the  materials  and  methods  used 
for  the  manufacture  of  these  tile  is  included  under  the  heading 
"Manufacture  of  drain  tile."  A  group  of  each  of  these  series, 
nimibered  1 7  and  1 8 ,  will  be  removed  in  1 9 1 5  when  the  second  year's 
tests  will  be  made. 

Tile  removed  for  test  during  191 5  will  be  replaced  by  cement 
tile  furnished  by  the  Utah  Concrete  Pipe  Co.,  Salt  Lake  City,  Utah. 

III.  MANUFACTURE    OF    DRAINTILE 
1.  FACTORY  AND   EQUIPMENT 

The  cement  test  pieces  used  in  this  investigation  were  made 
at  the  tile  plant  of  the  Armstrong  Cement  Works,  Armstrong, 
Iowa.  This  factory  has  for  a  number  of  years  been  producing 
large  quantities  of  cement  tile,  varying  in  size  from  4  to  30  inches, 
for  use  in  northern  Iowa. 
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The  factory  building  consists  of  a  concrete  block  and  frame 
structure,  which  houses  the  mixers  and  tile-making  machines, 
with  a  large  low-roofed  concrete  block  addition  to  one  side,  which 
is  divided  into  curing  chambers.  A  railroad  switch  used  for  the 
delivery  of  materials  and  shipment  of  the  finished  product  parallels 
the  building  on  the  opposite  side. 

Sand  is  received  in  dump-bottom  coal  cars  and  dropped  into  a 
pit,  from  which  it  is  drawn  by  a  chain  drag  to  the  foot  of  a  bucket 
elevator.  After  being  elevated  the  sand  is  dropped  into  either 
of  two  storage  bins,  or  is  carried  overhead  on  a  belt  directly  to  a 
sand-storage  box,  placed  above  the  hopper  of  a  batch  mixer.  In 
making  commercial  tile  this  hopper  is  filled  with  sand  to  a  fixed 
height,  depending  upon  the  proportions  desired,  and  the  cement 
is  added.  The  gate  is  then  opened  and  the  material  passes  into 
the  batch  mixer,  which  consists  of  a  cylindrical  steel  drum  mounted 
on  rollers.  The  interior  of  the  mixer  contains  scoops  or  buckets, 
which  carry  the  material  up  and  drop  it  during  rotation.  This 
mixer  is  very  satisfactory  in  use,  mixing  the  sand  and  cement 
uniformly  and  quickly,  but  the  time  required  varies  considerably, 
due  to  the  varying  amounts  of  moisture  in  the  sand.  A  very  damp 
sand  generally  requires  two  or  three  times  as  many  revolutions  of 
the  mixer  as  does  a  dry  sand. 

After  the  cement  and  sand  are  thoroughly  mixed  dry  the  mass 
is  dropped  into  another  hopper  just  above  a  continuous  mixer  or 
pug  mill.  (See  Fig.  6.)  As  the  dry  material  is  fed  into  the  upper 
end  of  the  trough  of  the  pug  mill,  water  is  sprayed  in  through  a 
perforated  pipe,  the  amount  being  regulated  by  the  man  at  the 
mixer.  To  obtain  a  uniform  mixture  an  experienced  man  is 
required,  as  the  rate  of  feed  of  the  material  and  the  amount  of 
moisture  in  the  sand  vary  constantly. 

This  factory  is  equipped  with  several  tile  machines,  the  Schenck 
being  used  in  making  all  the  experimental  machine-made  tile. 
This  machine  is  of  the  revolving  packer  type,  the  tile  being  formed 
between  the  stationary  metal  jacket  and  the  packer,  which  is 
drawn  upward  and  out  of  the  tile  as  it  revolves. 

The  car  system  is  in  use  for  handling  the  smaller  sizes  of  tile 
after  molding.     The  equipment  consists  of  a  suitable  number  of 
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three-deck  cars  equipped  with  springs  and  roller  bearings,  transfer 
trucks,  and  trackage  into  the  curing  chambers  and  out  to  the 
various  points  in  the  storage  yard. 

Steam  curing  of  concrete  products  is  used  exclusively  for  curing 
the  regular  output  of  this  factory,  but  all  rooms  are  equipped  with 
water  pipes  for  sprinkling  the  product,  which  was  the  method 
desired  for  several  of  the  series  of  our  experimental  tile.  Cars 
containing  small  tile  are  pushed  into  low-roofed  block-walled 
rooms,  about  90  feet  long,  holding  1 1  cars,  with  enough  clearance 
on  one  side  to  allow  a  man  to  pass  along  the  cars  and  sprinkle  the 
tile.  Large  tile,  wheeled  on  carts,  are  cured  in  two  large  rooms 
having  concrete  floors.  Exhaust  steam  from  the  engine  of  an 
electric  lighting  plant,  owned  by  the  same  company,  is  piped  to 
the  various  rooms  and  utilized  for  ctu-ing.  Steam  was  available 
16  hours  per  day. 

2.  MATERIALS 

The  cement  used  in  this  work  was  Hawkeye  brand  Portland 
cement,  supplied  under  contract  by  the  Iowa  Portland  Cement  Co., 
Des  Moines,  Iowa.  Approximately  240  barrels  of  Portland  cement 
were  required.  For  the  manufactiu-e  of  series  15,  a  sand  cement 
was  supplied  by  the  United  States  Reclamation  Service,  from 
the  sand-cement  mill  in  operation  at  Arrowrock,  Idaho.  The 
results  of  chemical  and  physical  tests  of  the  cements  are  given  in 
Table  i. 

The  sand  used  was  shipped  in  from  Mason  City,  Iowa,  being  the 
material  regularly  used  in  the  factory. 

Analysis  and  tests  of  sand  are  shown  in  Table  2.  The  water 
was  pumped  from  a  well  at  the  factory.  Power  was  furnished  to 
the  entire  equipment  by  a  20-horsepower  electric  motor,  receiving 
current  from  the  electric  lighting  plant. 

3.  MACHINE-MADE  TILE 

These  tile  made  on  the  Schenck  cement  tile  machine  (Fig.  7) 
are  i2]4  inches  in  length,  three-fourths  inch  thick,  with  an  inside 
diameter  of  8  inches. 
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TABLE   i 
Results  of  Tests  of  Cement  Used  in  Manufacture  of  Cement  Drain  Tile 

HAWKEYE  PORTLAND  CEMENT 


Specific 
gravity 

Fineness 

Time  setting 

Soundness 

Sample 

100- 
mesh 

200- 
mesh 

Initial 

Final 

A 

W 

S 

1 

3.16 
3.15 
3.16 
3.16 
3.15 

Per  cent 
94.0 
93.8 
94.0 
93.6 
94.4 

Per  cent 

77.8 
76.6 
77.0 
77.4 
78.8 

5-45 
5-55 
5-50 
5-55 
5-50 

10-15 
9-45 
9-40 
9-35 
9-00 

O.K. 
O.K. 
O.K. 
O.K. 
O.K. 

O.K. 
O.K. 
O.K. 
O.K. 
O.K. 

O.K. 

2 

O.K. 

3 

O.K. 

4 

O.K. 

5 

O.K. 

Chemical  Analysis 


Per  cent 


SiOo 


22. 


94 


FejOg 4.  20 

AI2O3 4.  90 

CaO 62.  08 

MgO I.  27 

SO3 I.  64 

Loss I.  57 

Insoluble  residue o.  29 

Tensile  Strength  (pounds  per  square  inch) 

[Average  of  three  briquettes] 


Sample 

7-day  mortar 

7-day  neat 

28-day  mortar 

28-day  neat 

1  

205 
200 
224 
220 
257 

543 
562 
517 
533 
584 

290 
279 
325 
308 
321 

725 

2 

711 

3 

718 

4 

722 

5 

647 

SILICA  CEMENT 


Specific  gravity 

Fineness 

Time  of  setting 

Sotmdness 

100-mesh 

200-mesh 

Initial 

Final 

2.89 

Per  cent 

99.4 

Per  cent 
90.4 

2-40 

6-45 

O.K. 
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Chemical  Analysis 

Soluble  in  HCl:  Percent 

Si02 13-  oo 

Feo03 3.46 

AI2O3 I.  40 

CaO 37.78 

MgO 1.65 

SOg o.  87 

Insoluble  in  HCl: 

SiOa 31.  52 

AI2O3 6.  54 

MgO o.  59 

Ignition  loss 2.  41 

Possible  Composition 

Cement 61.  3 

Clay  and  silicious  material 38.  7 

Tensile  Strength  (pounds  per  square  inch) 
[Average  of  three  briquettes] 


15 


7-day  mortar 

7-day  neat 

28-day  mortar 

28-day  neat 

180 

457 

295 

537 

TABLE  2 
Results  of  Tests  of  Sand  Used  in  the  Manufacture  of  Cement  Drain  Tile 

[Specific  gravity  of  sand=  2.655] 


1  :  3  mortar 
briquettes 


Washed  sand 

Sand  as  received 

Sieved  to  pass  No.  20;  held  on  No.  30 
Standard  Ottawa  sand 


Granular  Analysis  of  Sand 

[Uniformity  coefficient=3.3o;  per  cent  of  silt=3.9] 

Sand  passing  sieve  No. — ■  Per  cent 

200 o.  89 

100 I.  56 

80 5.  31 

50 18.  04 

40 27.  81 

30 46.35 

20 67.  26 

10 84.  61 

Retained  on  No.  10. 15-38 

83474°— 15 2 
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TESTS  OF  MATERIALS  USED  IN  MANUFACTURING  REPLACEMENT  TILE, 

1914 

TABLE  3 

Results  of  Tests  of  Universal  Portland  Cement 


Sample 

Specific 
gravity 

Fineness 

Time  of  setting 

Soundness 

100-mesh 

200-mesli 

Initial 

Final 

A 

W 

S 

1 

3.09 

Per  cent 

97.2 

Per  cent 
78.9 

1-20 

5-15 

O.K. 

O.K. 

O.K. 

Chemical  Analysis 


Si02 

FeA 

AI2O3 

CaO 

MgO 

SO3 

Loss 

Insoluble. 


Per  cent 

.    19.  84 

I.  30 

•  7-30 
.    62.  90 

•  2.  30 
I.  42 

.       2.83 

•  -32 


Tensile  Strength 
[Average  of  three  briquettes] 


7-day  mortar 

7-day  neat 

28-day  hiortar 

28-day  neat 

214 

52? 

28I 

664 

TABLE  4 
Results  of  Tests  of  Sand 

[Average  of  three  briquettes  (pounds  per  square  inch)] 


Tensile  strength: 

Proportion  1-3  by  weight 

Compressive  strength : 

Proportion  1-1^,  two-inch  cubes 

Proportion  1-2,  two-inch  cubes 

Proportion  1-2  (2  parts  sand,  3  parts  gravel),  two-inch  cubes. 


28  days 


434 

5,863 
5,440 
5,675 


Sand  passing  sieve  No. 
100 


Granular  Analyses 

Per  cent 

1-99 

50 1439 

40 21.21 

30 3Z-2>T- 

20 48.  01 


14 55- 78 

10 66.  73 

8 76.63 

Retained  on  No.  8 23.  37 

Gravel :  All  material  passed  the  oae-half-inch  screen  and  was  retained 
on  the  No.  8  sieve. 
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Sand  was  brought  to  the  proportioning  hopper,  as  stated  above, 
except  that  it  was  first  dropped  into  a  large  box  placed  on  a  plat- 
form scale  on  the  upper  mixing  platform.  All  proportions  were 
determined  by  weight,  every  batch  of  sand  used  being  weighed 
and  then  dropped  in  the  hopper  above  the  batch  mixer,  where  the 
cement  was  added.  The  material  was  then  dropped  into  the  batch 
mixer,  which  revolved  continuously,  the  slide  of  the  hopper  again 
closed,  and  another  batch  of  the  material  prepared.  Usually  one 
batch  would  be  passing  through  the  pug  mill,  a  second  being 
mixed  in  the  batch  mixer,  and  a  third  being  prepared  in  the 
proportioning  hopper  so  that  the  pug  mill  could  be  operated  con- 
tinually to  its  full  capacity. 

Usually  one  man  can  prepare  the  batches  and  keep  the  pug-mill 
hopper  filled,  but  on  account  of  the  extra  labor  caused  by  the 
weighing  of  the  sand  two  men  were  used  while  the  "machine "  tile 
were  being  made.  Two  men  were  also  required  to  regulate  the 
water  supply  and  shovel  the  mixed  material  into  the  elevator  boot 
of  the  Schenck  machine.  One  man  is  required  to  operate  the 
machine,  two  men  are  used  in  stripping  jackets  from  the  tile 
(which  were  placed  on  the  car  decks  only  a  step  or  two  away  from 
the  machine) ,  one  man  is  required  in  the  sand  pit,  and  another  to 
push  out  loaded  cars  and  bring  back  the  empty  cars,  so  that  a 
total  of  nine  men  were  required  to  operate  the  machine  at  its 
highest  efficiency. 

The  quantity  of  water  required  for  various  batches  of  each 
series  was  measured  by  passing  the  water  supply  through  a  barrel 
whose  contents  were  known  for  each  inch  in  depth.  The  amount 
was  then  determined  by  measurement. 

Due  to  the  variation  in  the  amount  of  moisture  in  the  sand  and 
to  the  use  of  a  continuous  mixer  in  which  the  water  was  added,  it 
was  impossible  to  add  a  predetermined  or  fixed  quantity  of  water 
to  every  batch  of  dry  material.  In  every  case  an  attempt  was 
made  to  make  the  mixture  as  wet  as  possible  and  still  allow  the 
immediate  removal  of  the  jacket.  Too  small  or  too  great  an 
amount  of  water  in  case  of  the  lean  mixtures  will  cause  the  tile  to 
crumble  or  crack  in  removing  the  jacket  or  collapse  during  the 
shifting  of  the  car.     A  rich  mixture  containing  a  small  excess  of 
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water  will  usually  hang  together,  due  to  the  "stickiness"  of  the 
cement,  but  it  is  likely  to  be  distorted  unless  the  jacket  is  stripped 
with  unusual  care.  Too  little  or  too  much  water  will  usually 
cause  immediate  trouble  at  the  machine,  greatly  cutting  down  the 
output.  The  proper  amount  is  indicated  very  plainly  by  the 
web  like  markings  of  neat  cement  on  the  outer  surface  of  the  tile. 

The  cars  in  use  (Fig.  8)  hold  ninety-seven  8-inch  tile,  but  usually ' 
the  number  of  good  tile  was  less,  due  to  the  sorting  out  of  the  culls, 
which  were  caused  either  by  the  failure  of  the  machine  to  work 
properly  or  by  carelessness  on  the  part  of  the  strippers  in  removing 
the  jackets.  This  loss  can  be  avoided  and  the  green  material 
remolded  if  the  damaged  tile  are  removed  at  once. 

After  placing  in  the  curing  room  the  tile  were  sprinkled  twice, 
if  to  be  steam  cured — once  in  the  evening  of  the  day  made  and 
again  dining  the  following  morning,  steam  having  been  turned  on 
during  the  night.  The  steam-cured  tile  were  exposed  to  steam 
for  a  total  period  of  96  hours,  16  hours  per  day,  after  which  they 
were  piled  in  the  storage  yard.  The  water-cured  tile  were 
sprinkled  twice  daily  for  a  period  of  12  days  and  then  removed 
and  piled  in  the  storage  yard. 

The  temperature  of  the  moist  air  in  the  curing  rooms  varied 
from  110°  to  120°  F.  during  the  period  in  which  the  steam  was  on. 

The  water-cured  tile  were  allowed  to  harden  under  much  more 
favorable  conditions  than  are  usually  understood  by  the  term 
''water  curing."  Too  often  ''water  cured"  means  that  tile  are 
stored  in  an  open  shed,  or,  at  best,  in  a  large  room  containing  many 
doors  and  windows,  and  sprinkled  one  or  more  times  a  day.  In  the 
case  of  these  experimental  water-cured  tile  the  cars  were  run  into 
the  long,  narrow  curing  rooms  which  are  continually  damp,  with 
wet  floors,  and  perfectly  protected  from  the  sun  and  air  currents. 
The  amount  of  evaporation  under  these  conditions  is  small  com- 
pared to  that  in  a  large  room  or  shed. 

4.  HANDMADE  TILE 

The  handmade  tile  were  made  of  two  types,  the  semi  wet  series 
and  the  wet  series.  These  tile  have  an  inside  diameter  of  8 
inches,  with  smooth  walls  iK  inches  thick  and  12X  inches  long, 
made  in  sheet-metal  molds  provided    especially  for  this  work. 


CL 
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Fig.  8. — Machine-molded  cement  tile,  showing  method  of  handling 
drain  tile  in  a  modern  tile  factory  with  ^-decked  cars.  The  tile 
shown  are  of  series  lo,  which  have  just  been  drawn  from  the  steam 
curing  chamber 


Fig,  9. — Mold  for  8-inch  hand- 
7nade cement  tile.  Sheet-metal 
Ttto  Id  consisting  of  outer  jacket 
and  collapsible  inner  core. 
Tamping  iron  used  in  Tnold- 
ing  tile  is  also  shown 


I 


I'iG.  10. — Handmade  cement  tile  stored  in  yard  at  factory  after  completion  of  curing 
period.     The  tile  inforegrou  nd  are  a  comp  lete  set  of  series  i  ready  for  shipment 
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(See  Fig,  9.)  The  great  difficulty  in  the  use  of  such  molds  is  in 
keeping  the  core  centered  so  that  the  walls  of  the  resulting  tile 
will  be  of  uniform  thickness.  Several  methods  were  tried  to  se- 
cure the  proper  results,  and  the  one  found  simplest  and  most 
satisfactory  consisted  of  a  wooden  base  with  two  concentric 
circles  of  small  headless  nails  projecting  up  about  three-eighth 
inch  above  the  boards.  These  nails  were  placed  on  the  inner 
and  outer  circumference  of  two  circles  having  diameters  of  8  and 
II  inches,  respectively.  This  arrangement  provided  for  the  cen- 
tering of  the  lower  end,  but  it  required  careful  use  of  the  tamping 
iron  to  obtain  a  uniform  wall  thickness  at  the  top.  Molds  made 
of  heavier  metal  would  be  more  satisfactory  in  this  respect,  but 
the  cost  would  have  been  excessive  for  this  experimental  series. 

The  process  of  proportioning  and  mixing  of  the  materials  up  to 
the  addition  of  the  mixing  water  was  in  every  way  similar  to  that 
of  the  machine-made  tile. 

Series  i,  3,  4,  5,  and  6  were  of  the  plastic  consistency,  con- 
taining as  much  water  as  would  allow  the  immediate  removal  of 
core  and  jacket.  However,  it  was  found  that  the  material  for 
these  handmade  tile  had  to  be  slightly  drier  than  that  which 
could  be  used  on  the  machine,  probably  due  to  less  pressure  being 
exerted  in  hand  tamping,  making  the  tile  less  dense. 

The  semiwet  handmade  tile  (Fig.  10)  were  molded  on  the  con- 
crete floor  of  one  of  the  large  curing  rooms  and  were  sprinkled  in 
the  evening  of  the  day  molded.  The  following  morning  they  were 
again  sprinkled  and  then  placed  on  cars  and  shifted  into  the  low- 
roofed  curing  rooms,  where  the  steam  or  water  treatment  was 
continued  for  the  proper  length  of  time.  In. the  manufacture  of 
series  6,  10  per  cent  of  ferrous  sulphate,  by  weight,  was  added  to 
a  known  weight  of  water  in  the  measuring  barrel,  and  this  solu- 
tion, kept  well  stirred,  was  used  in  mixing. 

The  tile  of  series  14  and  15  were  made  of  a  much  wetter  con- 
sistency than  those  of  the  other  series.  These  tile  contained  suffi- 
cient water  so  that  they  could  be  easily  poured  into  the  mold 
from  a  small  bucket.  The  tamping  iron  was  used  along  the  walls 
of  the  mold  to  aid  in  removing  air  bubbles  from  the  surfaces. 
The  tile  of  series  2  were  of  an  intermediate  consistency,  and  re- 
quired considerable  tamping  in  small  layers  in  order  to  prevent  the 
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formation  of  "rings"  or  roughened  surfaces.  The  tile  of  these 
series  were  piled  in  one  of  the  long  curing  chambers  and  sprinkled 
twice  daily  for  at  least  lo  days. 

5.  CONSISTENCY  OF  MIXTURES  USED 

The  following  consistencies  were  used  in  the  manufacture  of  the 
tile: 

Plastic. — As  much  water  was  added  to  the  dry-mortar  mix- 
ture as  would  permit  the  immediate  removal  of  the  jacket  from  the 
tile.  This  condition  is  indicated  by  the  weblike  marks  of  neat 
cement  and  water  on  the  outer  surface  of  the  wall.  This  con- 
sistency was  used  for  making  the  tile  of  series  i,  3,  4,  5,  6,  7,  8,  9, 
10,  II,  12,  13,  and  16. 

Quaking. — Moisture  could  easily  be  brought  to  the  surface  by 
tamping.  The  material  would  settle  about  three-eighths  inch  in 
the  mold  during  the  first  two  hours  after  molding.  This  con- 
sistency was  used  for  making  the  tile  of  series  2. 

Fluid. — ^This  material  was  of  such  a  consistency  that  it  could 
be  easily  poured  into  the  mold.  Xt  would  settle  one-half  to  three- 
fourths  inch  in  the  molds  during  the  first  four  hours  after  molding. 
This  consistency  was  used  for  making  the  tile  of  series  14  and  15. 

6.  DETAILED   DESCRIPTION   OF  EACH  TYPE   OF  TILE 

Following  is  a  description  of  the  tile  of  each  of  the  various  series, 
together  with  any  notes  on  manufacture  peculiar  to  each: 

Series  i  . — Proportions,  by  weight,  one  part  Portland  cement  to 
two  and  one-half  parts  sand,  plastic  consistency,  hand  tamped, 
and  ctwed  by  sprinkUng.  An  average  of  7.7  tile  was  obtained 
from  each  bag  of  cement. 

Series  2. — Proportions,  by  weight,  one  part  Portland  cement  to 
two  and  )ne-half  parts  sand,  quaking  consistency,  hand  tamped, 
cured  by  sprinkling  with  water.  An  average  of  7.2  tile  was  ob- 
tained from  each  bag  of  cement. 

Series  3. — Proportions,  by  weight,  one  part  Portland  cement  to 
two  parts  sand,  plastic  consistency,  hand  tamped,  stored  in  air 
for  first  24  hours,  then  a  total  of  102  hours  in  steam.  An  average 
of  7.6  tile  was  obtained  from  each  bag  of  cement. 
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Series  4. — Proportions  same  as  series  3.  Cured  24  hours  in 
air,  then  dipped  in  neat  cement  grout,  loaded  on  cars  and  exposed 
to  steam  for  a  period  of  102  hours.  An  average  of  6.9  tile  was 
obtained  from  each  bag  of  cement  allowing  for  cement  required 
for  grouting. 

Series-  5. — Proportions  and  method  of  curing  same  as  series  3. 
Tile  then  stored  in  yard  and  dipped  in  boiling  tar  when  six  weeks 
old.     An  average  of  7.2  tile  was  obtained  from  each  bag  of  cement. 

Series  6. — Proportions  and  method  of  curing  same  as  series  3, 
except  that  10  per  cent  of  ferrous  sulphate,  by  weight,  was  added 
to  mixing  water.  An  average  of  7  tile  was  obtained  per  bag  of 
cement. 

Series  7. — Proportions,  by  weight,  one  part  Portland  cement  to 
three  parts  sand,  plastic  consistency,  machine-made,  steam  cured. 
These  tile  were  loaded  on  cars  and  placed  in  the  curing  chambers 
immediately  after  making.  Steam  was  turned  on  within  a  few 
hours  and  continued  for  a  total  period  of  96  hours.  An  average 
of  14  tile  was  obtained  per  bag  of  cement. 

Series  8. — Proportions,  by  weight,  one  part  Portland  cement  to 
four  parts  sand,  plastic  consistency,  machine-made,  cured  in  steam 
for  a  total  period  of  96  hours.  An  average  of  18.8  tile  was  ob- 
tained per  bag  of  cement. 

Series  9. — Proportions,  by  weight,  one  part  Portland  cement  to 
one  and  one-half  parts  sand,  plastic  consistency,  machine-made, 
cured  by  sprinkling  with  water  for  a  period  of  12  days.  An 
average  of  8.7  tile  was  obtained  per  bag  of  cement. 

Series  10. — Proportions,  by  weight,  one  part  Portland  cement 
to  one  and  one-half  parts  sand,  plastic  consistency,  machine- 
made,  cured  in  steam  for  a  period  of  96  hours.  This  series  differs 
from  series  9  only  in  the  method  of  curing.  An  average  of  8.7 
tile  was  obtained  per  bag  of  cement. 

Series  i  i  . — Proportions,  by  weight,  one  part  Portland  cement 
to  three  parts  sand,  plastic  consistency,  machine-made,  cured  by 
sprinkling  for  a  period  of  12  days.  This  series  differs  from  series  7 
only  in  the  method  of  curing.  An  average  of  13.7  tile  was  ob- 
tained per  bag  of  cement. 
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Series  12. — Proportions,  by  weight,  one  part  Portland  cement 
to  four  parts  sand,  plastic  consistency,  machine-made,  cured  by 
sprinkling  for  a  period  of  12  days.  This  series  differs  from  series  8 
only  in  the  method  of  curing.  An  average  of  18.4  tile  was  ob- 
tained per  bag  of  cement. 

Series  13. — Proportions,  by  weight,  one  part  Portland  cement 
to  two  and  one-half  parts  sand,  plastic  consistency,  machine- 
made,  cured  in  steam  for  a  total  period  of  96  hours.  An  average 
of  12  tile  was  obtained  per  bag  of  cement. 

Series  14. — Proportions,  by  weight,  one  part  Portland  cement  to 
three  parts  sand,  fluid  consistency,  hand  tamped,  cured  by  sprin- 
kling for  a  period  of  at  least  12  days.  Greater  part  of  settling  of 
material  in  molds  took  place  during  the  first  hour,  after  which  the 
molds  were  refilled  with  some  of  the  same  material  tamped  and 
troweled.     An  average  of  8  tile  was  obtained  per  bag  of  cement. 

Series  15. — Proportions,  by  weight,  one  part  sand-cement  to 
three  parts  sand,  fluid  consistency,  hand  tamped,  cured  by 
sprinkling  with  water  for  a  period  of  at  least  10  days.  Molds 
refilled  with  same  material,  tamped  and  troweled,  after  settling  had 
taken  place.  These  tile  required  very  careful  handling  when  the 
molds  were  removed  on  the  day  after  molding  to  avoid  breakage. 
An  average  of  7.4  tile  was  obtained  per  bag  of  cement. 

Series  16. — Proportions,  by  weight,  one  part  Northwestern 
States  Portland  cement  to  fotir  parts  sand,  plastic  consistency, 
machine-made,  cured  in  steam.  This  series,  which  was  taken 
from  the  stock  pile  of  the  Armstrong  Cement  Works,  represents 
the  regular  commercial  output  of  this  factory.  No  especial  care 
was  used  in  selection,  except  to  throw  aside  tile  which  were  cracked 
or  had  jammed  ends.  The  exact  age  of  this  series  is  uncertain 
but  the  tile  are  probably  at  least  six  months  older  than  those  of 
the  preceding  series. 

The  machine-made  tile  varied  in  weight  from  23  to  25.25  pounds, 
averaging  24  pounds;  the  semi  wet  hand-tamped  tile  varied  in 
weight  from  42.25  to  45  pounds,  averaging  about  43.2  pounds;  tile 
in  series  15,  sand-cement,  averaged  about  41.5  pounds. 

The  difference  in  appearance  of  the  surfaces  of  the  different 
series  is  shown  in  Figs.  11  to  14.     The  appearance  varies  with  the 
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Fig.  II. — Handmade  tile  of  series  2,  made  of  a  quaking  consistency  mortar, 
andm.achine-made  tile  of  series  y,  m.ade  of  plastic  consistency  m^ortar,  show- 
ing the  texture  of  the  surface  and  relative  size  of  the  two  types 
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Fig.  12, — Appcarajice  of  machine-made  tile  of  rich  and  lean  mixiurcs.  Tilctnarked 
lo  is  composed  of  one  part  cem.ent  to  one  and  one-half  parts  sand;  tile  y,  one  part 
cement  to  three  parts  sand;  and  tile  12  and  16  are  one  part  cement  to  four  parts  of 
sand,  all  made  by  the  same  process  excepting  12,  which  was  cured  by  sprinkling 
instead  of  exposing  in  steam 
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Fig.  13. — Appearance  of  handmade  tile  of  different  consistencies.  Tile  marked  i  -was 
made  of  plastic  consistency;  2  of  quaking  consistency,  and  l/j.  of  fluid  consistency. 
Tile  I  and  2  are  composed  of  one  part  cement  to  two  and  one-half  parts  of  sand; 
tile  14  of  one  part  cement  to  three  parts  sand 
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Fig.  i^. — Appearance  of  special  and  treated  tile.  Tile  of  series  ^,  j,  and  6  -were  all 
77iade  by  the  same  process.  No.  4  was  dipped  in  cement  grout,  5  in  hot  tar,  and  6 
was  treated  by  adding  ferrous  sulphate  to  the  water  used  in  mixing.  Tile  of  series 
ij  were  tnade  of  one  part  sand-cement  to  three  parts  of  sand  mixed  to  a  fluid 
consistency 
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richness  of  the  mixture  as  well  as  the  method  of  molding.  Of  the 
machine-made  series,  9  and  10,  the  richest,  are  lightest  in  color 
with  more  of  a  glazed  appearance  while  the  leaner  mixtm'es  are 
darker  in  color  and  have  more  of  a  sandy,  roughened  appearance. 
In  the  handmade  series,  No.  15  is  nearly  white  with  a  "chalky" 
appearance,  due  to  the  use  of  sand-cement.  In  series  2,  14,  and 
1 5  the  handmade  tile  of  quaking  and  fluid  consistency  have  rather 
smooth  surfaces  with  numerous  small  and  shallow  indentations  due 
to  air  pockets  on  the  walls  of  the  molds.  The  plastic  mixtures  of 
the  handmade  tile  series  1,3,  and  6  have  rough  surfaces  as  a  rule 
and  in  a  few  cases  irregular  and  insufficient  tamping  was  indicated 
by  the  appearance  of  circumferential  rings  of  porous  appearing 
concrete. 

Throughout  this  work  no  departure  from  the  regular  processes 
in  use  at  this  plant  were  made  except  that  the  proportions  were 
varied  and  all  the  materials  were  weighed  to  insure  uniformity. 
No  specially  chosen  aggregates  were  used,  the  sand  being  that 
used  in  the  factory  for  the  manufacture  of  all  kinds  of  cement 
products  and  the  cement  being  purchased  under  bids  with  the 
requirement  that  it  was  to  pass  the  United  States  Government 
specification  for  Portland  cement.  Although  some  of  the  mix- 
tures contain  more  cement  than  those  in  ordinary  commercial  use, 
and  it  is  not  practicable  to  make  a  handmade  tile  which  can  com- 
pete in  price  with  the  usual  machine-made  tile,  any  well  equipped 
and  managed  factory  using  good  materials  should  be  able  to  turn 
out  a  product  which  is  as  good  in  every  respect  as  has  been  pro- 
vided for  this  investigation. 

7.  REPLACEMENT  TILE 

The  tile  supplied  to  replace  those  tested  dinring  the  year  1914 
were  supplied  by  the  Universal  Portland  Cement  Co.,  and  were 
designated  by  the  series  numbers  17  and  18.  These  tile  were 
1 2  inches  in  length,  of  8  inches  inside  diameter,  with  a  wall  thick- 
ness of  0.8  inch. 

All  concrete  was  machine  mixed,  sufficient  water  being  added 
that  the  mixture  would  just  hold  its  shape  when  piled  with  a 
shovel  and  would  not  splash  out  of  the  molds  when  agitated.    The 
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sheet-metal  molds  were  filled  with  an  excess  of  material  in  a 
funnel  attached  to  the  top  of  the  form.  The  mold  was  then  placed 
upon  the  jigging-machine  platform  and  the  machine  operated  for 
a  period  of  30  seconds.  The  drop  of  this  platform  was  H  inch 
while  the  platform  made  120  complete  trips  through  this  space 
per  minute. 

Two  sizes  of  aggregate  were  used,  a  sand  of  good  quality  passing 
the  one-fourth  inch  screen  and  a  gravel  passing  a  one-half  inch 
round  opening  and  retained  on  a  No.  8  sieve.  The  sample  of 
cement  used  in  the  manufacture  of  these  series  was  lost  in  transit 
and  the  results  shown  in  Table  3  were  obtained  on  a  sample  of 
the  same  brand  of  cement  which  was  submitted  six  months  later. 
The  proportions  used  were  as  follows : 

Series  17. — One  sack  of  cement  to  i>^  cubic  feet  of  sand. 

Series  18. — One  sack  of  cement  to  2  cubic  feet  of  a  mixture  of 
fine  and  coarse  aggregates,  which  were  mixed  in  the  proportion  of 
two  parts  sand  to  three  parts  one-fourth  inch  to  one-half  inch 
gravel. 

The  tile  were  removed  from  the  molds  on  the  following  day  and 
then  piled  in  one  comer  of  the  laboratory  and  covered  with  sand 
which  was  kept  constantly  wet. 

The  surface  of  these  tile  had  much  the  same  appearance  of  that 
of  the  tile  of  series  2,14,  and  15,  since  they  were  made  of  a  quaking 
consistency. 

After  these  tile  had  cured  for  a  period  of  at  least  one  month  they 
were  crated  in  wooden  crates  holding  six  tile  each  and  shipped  to 
the  various  projects  and  later  installed  in  the  place  of  those 
removed  for  test. 

IV.  INSTALLATION    OF   DRAIN   TILE 

1.  SHIPMENT 

Shipments  of  the  tile  from  the  factory  at  Armstrong,  Iowa, 
were  made  early  in  October,  191 3.  A  carload  (about  780  tile) 
was  shipped  to  each  project,  each  shipment  consisting  of  50  tile 
of  each  series,  with  the  exception  of  series  5  and  15,  of  which  45 
and  36,  respectively,  were  sent.  The  tile  were  piled  with  their 
walls  parallel  to  the  car  sides  beginning  at  either  end,  and  tiered 
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three  and  four  high,  depending  upon  the  length  of  the  car.  This 
arrangement  was  continued  up  to  within  3  feet  of  the  doorway 
where  the  number  of  layers  was  reduced  to  two  and  then  one. 
The  doorway  space  was  occupied  by  several  rows  one  tile  high, 
placed  so  as  to  block  the  lower  layer  in  the  two  ends.  To  reduce 
the  breakage  a  thin  layer  of  straw  was  spread  over  the  floor  and 
between  the  layers.  The  cars  arrived  at  their  destination  showing 
little  evidence  of  the  tile  having  been  thrown  out  of  place  while 
in  transit,  although  no  framing  whatever  was  used  to  keep  them 
in  position.  Breakage  was  due  almost  entirely  to  wedging  of  tile 
in  the  lower  layers.  This  wedging  action  was  probably  aided  by 
the  ''giving"  of  the  car  sides  while  in  motion.  In  some  cases  no 
record  of  breakage  was  kept  at  the  time  of  unloading,  so  that  the 
following  figures  include  the  loss  in  unloading  and  hauling  of  the 
tile  at  destination. 

The  length  of  wagon  haul  and  the  total  breakage  is  recorded  in 
the  following  table: 


Location 

Wagon 
haul 

Loss      I 

Location 

Wagon 
haul 

Loss 

Garland miles. . 

Fort  Shaw do  . 

Huntington.. do. . 

Sunnyside do. . 

Yuma do . . 

Roswell do.. 

3i 
1 
24 
1 
2 
5 

3 

3 
18 

8 
18 

4 

Grand  Junction miles. . 

Montrose do. . 

Columbia do.. 

Crookston yards. . 

Ames feet . . 

2 
12 

U 
800 
400 

9 

22 

22 

6 

3 

A  total  of  116  tile  were  broken  out  of  over  8500  shipped,  an 
average  railway  haul  of  about  1300  miles,  and  a  wagon  haul  of 
over  4.5  miles.     The  average  loss  by  breakage  is  1.3  per  cent. 

2.  COMPOSITION  OF  ALKALI  AND  SOIL  AT  DRAIN  SITES 

The  character  of  alkali  foimd  at  the  site  of  the  drains  is  given 
in  Table  5.  The  alkali  samples  were  obtained  by  scraping  the 
salts  from  the  siuiace  of  the  ground  at  all  points  excepting  at 
Crookston,  Minn.,  and  Columbia,  Mo.,  where  soil  samples  only 
were  taken.  The  composition  and  concentration  of  alkali  in  the 
soil  at  the  level  of  the  drain  is  given  in  Table  6.  Analyses  of  the 
waters  flowing  in  the  various  drains  are  given  in  Table  7. 


26 


Technologic  Papers  of  the  Bureau  of  Standards 


The  analyses  of  the  alkalies,  soils,  and  waters  are  given  in 
percentages  of  the  soluble  or  dissolved  material  present.  Figs. 
15,  16,  and  17  show  graphically  the  results  calculated  on  the 
basis  of  percentage  reacting  values  as  discussed  by  Stabler  in 
Water  Supply  Paper  274,  and  Palmer  in  Bulletin  479  of  the 
United  States  Geological  Survey. 

The  reacting  value  is  the  chemical  reacting  power  of  the  radicle 
in  terms  of  the  hydrogen  equivalent  and  may  be  calculated  in  a 
number  of  ways.  The  reacting  values  included  in  this  paper 
were  obtained  by  multiplying  the  weight  of  the  radicle  in  milli- 
grams by  the  reaction  coefficient.  The  reaction  coefficient  was 
obtained  by  dividing  the  valency  of  the  radicle  by  its  combining 
weight.     Expressed  as  an  equation 

^         .  ,         Weight  of  ion  or  radicle  in  millisframs  X  valency 

Reactmg  value  = ^ t-t—. ^j-^ ~ 

^  combmmg  weight 

For  example : 

Reacting  value 

Weight  in  mg  X  i     Weight  in  mg 


Na  =        ^ ^  '^  ^  =        ^ ^  =  .04s S  weight  in  mer. 

23.1  23.1  ^^^        ^  ^ 

^^      Weight  in  mg  x  2     Weight  in  mg  ^       .  1  ^  . 

SO4  = ^ 7 — ^ = ^— ^ =  .0208  weight  m  mg. 

The  percentage  reacting  value  of  each  radicle  was  then  deter- 
mined. 

TABLE  5 

Analyses  of  Alkalies  from  Surface  of  Ground  at  Site  of  Drain  November,  1913 

[Analyses  of  mineral  matter  in  per  cents] 


Location 


Garland,  Wyo 

Fort  Shaw,  Mont 

Sunnyside,  Wash.  (Station  No.  1)... 
Roswell,  N.  M.  (Station  No.  15+15) 

Montrose,  Colo 

Grand  Junction,  Colo 

Huntington,  Utah 

Yuma,  Ariz 


Na20 

K2O 

CaO 

MgO 

SO3 

41.54 

0.56 

0.76 

0.60 

56.36 

34.45 

.26 

3.22 

1.75 

59.20 

30.20 

.22 

.84 

9.28 

50.20 

13.60 

2.43 

21.92 

7.68 

33.65 

11.27 

None, 

2.58 

39.80 

46.40 

35.66 

None. 

.91 

10.22 

37.40 

36.88 

.74 

3.30 

4.10 

55.00 

26. 68 

.32 

8.23 

12.67 

10.00 

CI 


0.60 

1.07 

9.27 

20.60 

.03 

15.82 

.12 

42.10 
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TABLE  6 
Analyses  of  Soils  at  Level  of  Tile  Drains  November,  1913 

[Analyses  of  mineral  matter  in  per  cents] 
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Location 


Garland,  Wyo 

Fort  Shaw,  Mont 

Sunnyside,  Wash . . . 

Yuma,  Ariz 

Roswell,  N.  Mez 

Montrose,  Colo 

Grand  Junction,  Colo 
Huntington,  Utah . . . 


Per 

cent 

soluble 

solids 


0.85 
2.82 
.52 
.14 
.19 
.91 
.78 
.99 


NazO 


11.41 
20.40 
25.57 
24.40 
35.58 
14.12 
26.83 
3.41 


K2O 


Trace. 


Trace. 
Trace. 


Trace. 
Trace. 
Trace. 


CaO 


33.17 
18.38 
7.42 
18.42 
12.48 
22.70 
13.02 
36.14 


MgO 


None. 
2.04 
4.34 
9.05 
1.43 
5.68 
4.27 
3.55 


SO3 


54.56 
58.15 
47.52 
15.36 
23.52 
55.65 
40.42 
56.60 


CI 


0.88 

.58 

4.62 

9.76 

11.25 

1.85 

15.46 

.30 


CO2 


0.45 


23.11 
15.74 


SiOa 


10.53 


TABLE  7 

Analyses  of  Seepage  Waters  Flowing  Through  Experimental  Cement  Tila  Drains 

November,  1913 

[Analyses  of  mineral  matter  in  per  cents] 


Per 

Location 

cent 
soluble 
solids 

SiOa 

R2O3 

CaO 

MgO 

Na20 

CI 

SO3 

CO2 

Sediment 

Garland,  Wyo 

0.499 

0.88 

0.10 

5.40 

3.00 

35.00 

2.97 

49.32 

3.55 

Very    small 
amount. 

Fort  Shaw,  Mont. 

.649 

.50 

.07 

4.66 

6.71 

31.28 

1.82 

51.23 

3.85 

Do. 

(station  No.  2). 

Fort  Shaw,  Mont. 

.237 

.96 

.21 

6.15 

10.72 

27.68 

2.15 

38.30 

13.83 

Do. 

(station  No.  9). 

Sunnyside,  Wash. . 

.593 

.84 

.10 

11.83 

6.39 

23.58 

7.06 

47.12 

3.07 

None. 

Roswell,  N.  Mez. 

.531 

.32 

.09 

20.22 

3.97 

19.16 

22.63 

30.52 

3.03 

Considerable. 

(station  No.  11). 

Roswell,  N.  Mex. 

.525 

.55 

.11 

14.95 

4.69 

23.76 

27.58 

26.02 

2.31 

Some. 

(station  No.  17+ 

74). 

Montrose,  Colo 

1.005 

.32 

.03 

6.87 

19.53 

11.87 

.49 

57.95 

2.97 

None. 

Grand  June  tion, 

1.165 

.24 

.08 

7.14 

7.34 

27.93 

24.82 

32.02 

.45 

Do. 

Colo,  (outlet). 

Huntington,  Utah . . 

.253 

.76 

.15 

21.58 

6.69 

14.26 

2.10 

47.40 

7.05 

Considerable. 

Yuma,  Ariz,  (upper 

.090 

3.68 

.78 

16.71 

8.13 

20.82 

20.82 

11.47 

11.59 

Very    smal 

end). 

amount. 

Grand  Junction, 

.081 

2.72 

.12 

13.86 

5.80 

23.90 

22.03 

22.03 

9.53 

Do. 

Colo,    (irrigation 

^ 

water;  from  irri- 

gation canal). 
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Reacting  values  (per  cent). 
48. 


*4S  1.00  .45 


Location. 


Cl=.30 


49.70 


.31 

K  4.33  3. 1? 


Cl=1.00 


49.00 


33.14 


.30  1.03 

K  Ca  15,70 


131           . 

:=^^M.^= 

1.64 


41.36 


Garland,  Wyo. 


Fort  Shaw,  Mont. 


Sunnyside,  Wash. 


i[=.54  13.67 7.67 


liillllllllllllllli^lllllllllilllllllil 


II        ^ 


30.43 


39.57 


Yuma,  Ariz. 


Roswell,  N.  Mex. 


15.56 

3.93 

30.53 

SO4 

^m  -  ■ 

133 

■M^^^ 

11 

Cl»,05 


49.95 


43.  qe 

1.19 
Ca       6.73 

i-vv/U-S;'',:':.';^;:  ■;;■,,! 

SHH 

-•  ■      -. .'  ■  '■•°  ■■  ~ 

■IIEaMiJ 

iiiiiiimiiiiirw 

S04                  1 

33.80 

Montrose,  Colo. 


,55  3.66 


42 

55 

K 

4,34 

Mg 

ECaE 

■ 

H                              S04                          1 

Cl=.15 

4S.85 

Grand    Junction, 
Colo. 


Huntington, 
Utah. 


Fig.  15. — Chemical  analyses  of  alkali  salts  from  surface  of  ground  at  site  of  experim£ntal 
cement  tile  drains  (igij).     (Results  given  in  Table  5) 
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Reacting  Values  (Per  cent). 


Per    cent 

concen-        Location, 
tration. 


Cl=1.00 


3.60 


0.85 


Garland, 
Wyo. 


2. 82         Fort  Shaw, 
Mont. 


ei«.$s 


48.80 


31.50 


C03=.65 

10.00  8.50 


O.  52 


o.  14 


Cl=7  738       804=10 . 34 

Na=34'.50 

HWHTW 


Cl=8.35  604=15.50 

14.35 


iiiiiiiiiiiiJiiiiitiiiiiiiiiniiiiiiniiiiiiiiiiiia 


003=33.38 

C^=^3  -57     ltg»3.13'  ,  „ 
00y=36,15 
36.48 9.17 


o.  91 


01=1.80 


^n«^  0-78 


0.99 


Cl«.40 


49.60 


Fig.  16. — Chemical  analysis  of  soils  at  level  of  experimental  tile  drains  (ipij). 

given  in  Table  6) 


Sunny- 
side, 
Wash. 


Yuma, 
Ariz. 


Ronvell, 
N.Mex. 


Montrose, 
Colo. 


Grand 
Junc- 
tion, 
Colo. 


Hunting- 
t  o  n  , 
Utah. 


(Results 
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Reacting  values  (per  cent). 


38.40 

6.57 

5.03 

^^^^^^^^^^^^^^^^^^^^^^^^^^1 

I^ME=Cal=LMK- 

illl                                                       SO4 

IIIIM 

SSI. 

1*3.91 

33.50- 

41.63 

5.50 

11 

5.47 
.00 

PBBi 

HMOI 

W^ 

—  \ 

mil 
C03 

V 

SO4 

Cl»1.70 


ll^ll 


43.30 


6.00 


14.30 


^M^ 


804 


6,57 


Na=20.13 


38.80 


4.63 
Mg=13.03 


01=17.53 
-19.19 


S04«8 .  58 


003=23.90 


33.80 


6.30 


illllillli^llllllili 


31.00 


24.50 


4.50 


Cl«,43 


45.36 


4.31 


29.62 


8.41 


11.97 


Soluble 

solids 

milli-       Location. 

grains 
per  liter. 


4956 


Ga  r  land, 
Wyo. 


6466       Fort  Shaw, 
Mont. 


5835  I    Sunnyside, 
Wash. 


856       Yuma,  Ariz. 


4919       Ronvell,  N. 
Mex. 


1003s       Montrose, 
Colo. 


Cl=3.03 


804=37,73 


003=. 65 


003=10.25 


1 1002        Grand  Junc- 
•  tion. 


2013        Hunting- 
ton, Utah. 


Fig.  ly. — Chemical  analyses  of  seepage  waters  flowing  through  experimental  cement  tile 
drains  {igij).     {Results  given  in  Table  7) 
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3.  PLACING 

The  tile  were  placed  in  such  an  order  that  sections  containing 
two  tile  of  each  series  could  be  removed  at  yearly  intervals  with- 
out disturbing  the  remainder  of  the  line.  Ten  such  sections,  32 
feet  long,  were  placed  at  one  end  of  the  line,  and  then  all  the  tile 
remaining  of  each  series  were  placed  end  to  end  in  groups,  com- 
mencing with  series  i.  This  grouping  is  shown  in  Fig.  18.  At 
Garland,  Fort  Shaw,  Sunnyside,  Yuma,  and  Roswell  the  *'A" 
sections  were  placed  at  the  upper  end  of  the  drain  and  the  "  B  " 
sections  at  the  outlet  end.  At  the  other  points  this  arrangement 
of  sections  was  reversed. 

(a)  GARI.AND,  Wyo. — The  drain  was  placed  about  3>^  miles 
southeast  of  Garland  in  a  low  section  where  alkali  stood  in  layers 
an  inch  or  more  in  thickness  on  the  ground.  Several  concrete  turn- 
outs located  near  by  in  unused  ditches  were  entirely  disintegrated. 
As  shown  in  Fig.  19,  the  lower  end  of  the  drain  runs  through  a 
sandy  soil  and  the  upper  end  through  coarse  gravel,  the  grades 
being  0.022  and  o.oio,  respectively.  The  outlet  is  in  an  open 
ditch,  which  has  a  grade  of  0.002.  Since  the  oulet  end  for  a 
distance  of  200  feet  lies  above  the  frost  line,  a  back  fill  was  made, 
giving  a  minimum  covering  of  4  feet. 

.  The  tile  were  laid  in  cradles  made  of  2  by  4  inch  side  pieces 
and  I  by  4  inch  cross  pieces,  on  which  the  tile  rested.  Manholes 
were  placed  at  stations  3  +  50  and  4  +  50,  at  an  angle  point  and 
change  of  grade.  At  the  time  the  tile  were  placed  the  ground- 
water plane  was  at  the  surface  of  the  ground  for  the  entire  distance. 
Photographs  were  taken  dinring  the  placing  of  the  tile,  which  are 
shown  in  Figs.  20  and  21.  The  total  fall  in  the  line  is  11  feet. 
Only  three  tile  were  broken  or  missing  at  Garland,  the  number 
being  unusually  low  considering  the  length  of  the  haul. 

(6)  Fort  Shaw,  Mont. — At  Fort  Shaw  a  location  for  the  tile 
line  was  found  just  above  an  alkali  lake,  where  the  tile  would  also 
be  of  some  service  in  draining  an  upper  swamp  which  had  ruined 
several  farm  units.  The  surface  of  the  ground  surrounding  the 
lake  and  the  site  of  the  drain  was  incrusted  with  alkali  one-eighth 
to  one-fourth  inch  in  thickness.  Wooden  silt  boxes  were  placed 
at  the  upper  end  at  station  6  +  00,.  where  an  angle  was  made. 
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As  the  greater  portion  of  the  drain  was  located  above  the  frost 
line,  the  refill  was  made  to  a  depth  of  4  feet  wherever  the  cut  was 
less  than  this  amount.  A  portion  of  the  line  passed  through 
hard  cemented  gravel,  which  gave  considerable  trouble  in  digging. 
The  upper  400  feet  of  the  line  was  given  a  grade  of  0.02 1  and  the 
lower  200  feet  a  grade  of  0.004,  the  outlet  being  into  an  open  ditch 
which  emptied  into  the  alkali  lake  200  feet  below  the  tile  line. 
Three  tile  were  broken  in  this  shipment.  Figs.  22,  23,  and  24  show 
the  location  of  this  drain. 

(c)  Huntington,  Utah. — At  Huntington  the  tile  drain  was 
installed  on  private  land  about  i  mile  south  of  town.  Wooden 
box  drains,  without  bottoms,  had  been  placed  in  this  ground  about 
eight  years  before,  and  as  these  boxes  were  filled  and  badly  off 
grade  it  was  decided  to  replace  them  with  cement  tile. 

As  shown  in  Fig.  25  the  line  of  the  old  wooden  drain  was  not 
closely  followed,  but  an  offset  was  made  and  the  old  line  paralleled. 
The  trench  varied  in  depth  from  43^  to  6  feet,  passing  through  a 
soil  uniform  in  color  and  appearance,  and  acting  much  like  quick- 
sand in  the  bottom,  due  to  the  excess  of  water.  The  digging  was 
very  easy,  requiring  no  picks  or  spades  but  only  round-pointed 
long-handled  shovels.  The  drain  was  laid  with  a  fall  of  approxi- 
mately I  foot  per  100  feet.  In  the  portion  of  the  trench  which 
followed  the  old  box  drains  the  tile  were  supported  on  boards  i 
inch  by  6  inch  by  1 2  feet  on  account  of  the  soft  bottom.  Figs.  26 
and  27  show  the  conditions  near  the  site  of  the  drain. 

On  account  of  rains  preceding  the  installation  of  the  experi- 
mental tile,  the  white  surface  of  this  and  the  surrounding  land  was 
not  so  apparent,  but  in  spots  large  white  patches  could  be  seen. 
Land  to  the  west  and  slightly  higher  than  that  on  which  the  tile 
were  placed  was  very  wet  and  sandstone  bowlders  lying  on  the 
surface  were  badly  cracked  and  disintegrated,  apparently  due  to 
the  crystallization  of  the  alkali  in  their  pores. 

As  Huntington  is  located  about  23  miles  from  the  railroad  it  was 
necessary  to  haul  the  tile  from  Price,  Utah.  The  number  of  tile 
broken  was  18,  confined  mostly  to  the  handling  on  the  railroad  as 
only  4  tile  were  broken  in  the  24-mile  haul  from  Price. 
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Fig.  19. — Showing  location,  plan,  profile,  and  arrangement  of  experimental  drain  tile  at 

Garland,  Wyo. 
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Fig.  20. — Site  of  experimental  drain,  lower  end,  at  Garland,  Wyo.,  showing  heavy 
incrustations  of  alkali  on  surface  and  character  of  the  vegetation.  This  site  is 
usually  swampy  from  seepage  water,  and  the  alkali  concentration  may  be  con- 
sidered as  bad  as  any  to  be  found  in  the  State 


Fig.  21. — View  of  opened  ditch  at  silt  basin  experimental  drain  at  Garland ,  Wyo., 
showing  the  gravel  soil  and  seepage  water  in  the  trench  above  the  grade  of  the  drain; 
also  the  wooden  cradles  shown  on  the  left  upon  which  the  tile  were  placed 
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Fig.  22. — Showing  location,  plan,  profile,  and  arrangement  of  experimental  drain  tile 

at  Fort  Shaw,  Mont. 
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(d)  SuNNYSiDE,  Wash. — At  Sunnyside  the  tile  were  installed 
on  private  land  about  i  mile  from  town.  The  trench  at  the  lower 
end  was  about  6  feet  deep  and  4.}^  feet  deep  at  the  upper  end.  At 
the  lower  end  the  soil  was  very  sandy.  The  water  table  was  low 
at  the  time  the  tile  were  placed.  A  uniform  grade  of  0.002  was 
used.  There  was  a  loss  of  eight  tile  in  this  shipment.  The 
location  of  this  drain  is  shown  in  Fig.  28.  Figs.  29  and  30  show 
the  conditions  at  this  point. 

(e)  Yuma,  Ariz. — The  installation  at  Yuma  was  made  in  the 
southeast  corner  of  the  experiment  farm  of  the  United  States 
Department  of  Agriculture  on  the  Yuma  Indian  Reservation. 
The  drain  follows  the  line  of  an  old  slough  and  is  exposed  to  con- 
centrated alkali  water.  The  wagon  haul  to  this  point  was  about 
2  miles  and  the  total  number  of  tile  lost,  including  railroad  break- 
age, was  18.  Fig.  31  shows  the  location  of  this  drain.  Figs.  32 
and  33  show  the  installation  of  the  drain. 

( / )  RoswEi^i^,  N.  Mex. — The  installation  at  Roswell  was  made 
on  private  land  4  miles  east  and  i  }4  miles  north  of  Roswell  on  the 
northeast  quarter  of  sec.  25,  T.  10  vS.,  R.  24  E.,  New  Mexico  prin- 
cipal meridian.     (Fig.  34.) 

The  outlet  of  the  line  was  placed  in  the  wooden  manhole  of  a 
drain  which  had  been  previously  constructed  and  extended 
northeast  in  a  straight  line  with  a  uniform  rise  of  o.i  foot  per  100 
feet.  The  depth  averaged  about  6.5  feet,  with  the  exception  that 
the  upper  150  feet  had  a  depth  of  about  5.5  feet.  During  the 
installation  the  ground  water  stood  about  4  feet  above ,  grade, 
causing  the  sides  of  the  trench  to  cave  unless  well  braced.  A 
wooden  manhole  was  placed  at  the  end  of  the  tenth  "A"  section, 
and  an  observation  well  at  the  upper  end  of  the  line.  Three  tile 
were  found  broken  in  the  car  and  one  was  broken  in  hauling  to 
the  drain  site,  so  that  the  breakage  was  approximately  one-half 
of  I  per  cent.     Fig.  35  shows  the  work  in  progress  at  Roswell. 

(g)  Grand  Junction,  Coi^o. — The  tile  at  Grand  Junction  were 
placed  on  a  10- acre  tract  of  land  included  in  the  McKinney  experi- 
mental farm,  one-fourth  mile  south  of  the  old  United  States 
Indian  school  just  east  of  the  city.  (See  Fig.  36.)  The  land  of 
which  this  tract  is  a  part  is  being  improved  under  the  supervision 
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Fig.  23 . — A  Ikali  Lake  at  lower  end  of  experimental  drain  at  Fort  Shaw,  Mont. ,  showing 
the  heavy  alkali  deposits  surrounding  the  lake 


Fig.  24. — Site  of  experimental  drain  at  Fort  Shaw,  Mont.,  looking  toward  lower 
end,  showing  the  partially  excavated  trench  and  alkaline  seepage  water  collecting 
tn  the  bottom;  also  alkali  weed  covering  the  site 
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Fig.  25. — Showing  location,  plan,  and  arrangement  of  experimental  drain  tile  at  Hunt- 
ington, Utah 
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Fig.  26. — Opened  ditch  for  experimental  drain  at  Huntington,  Utah,  showing  the 
character  of  the  soil,  lack  of  vegetation  due  to  alkali  salts,  and  the  approximate 
depth  of  excavation 


Fig.  27.^ — Bank  of  waste  ditch,  showing  heavy  white  incrustation  of  alkali  salts  at 
Huntiyigton,  Utah.  The  concentration  of  alkali  salts  in  this  locality  is  probably  as 
great  as  will  be  found  in  the  State 
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Fig,  29. — opening  lower  end  of  ditch  for  experimental  drain  at  Sunnyside ,  Wash.,  show- 
ing partially  excavated  trench.  Note  amount  of  vegetation  as  compared  with  that  in 
Fig.  2/ 


Fig.  30. — Upper  end  of  site  of  experimental  drain  at  Sunnyside,  Wash.,  showing 
lack  of  vegetation  and  heavy  alkali  crust  on  surface  of  ground.  The  salts  appear 
tnuch  viore  concentrated  on  the  surface  at  the  upper  end  than  at  the  lower  end. 
[[  hile  there  arc  scattered  deposits  of  salts  on  the  surface  over  the  site,  conditions  do  not 
appear  as  bad  as  upon  some  of  the  other  projects 
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of  drainage  investigations,  Department  of  Agriculture.  This 
land  had  previously  been  irrigated  and  cultivated,  but  was  later 
abandoned  on  account  of  the  concentration  of  alkali  on  the  surface 
and  in  the  upper  part  of  the  soil.  At  the  time  the  experimental 
tile  were  placed  the  surface  was  entirely  covered  with  a  thick 
white  coating  of  alkali  salts,  as  shown  in  the  accompanying 
photographs.     (See  Figs.  37  and  38.) 

The  trench  was  excavated  to  a  depth  of  5^  to  6}^  feet,  the  lower 
portion  being  very  wet  and  mucky,  requiring  heavy  sheeting  and 
bracing  which  interfered  greatly  with  the  work  of  excavation  and 
made  progress  very  slow.  (See  Fig.  39.)  The  tile  were  laid  on  a 
grade  of  0.3  foot  per  hundred  feet. 

The  drain  empties  into  a  large  wood  silt  basin  which  is  a  part 
of  the  system  of  drains  of  an  adjacent  lo-acre  tract.  Although 
the  line  is  straight  without  bends,  another  basin  was  placed  at 
the  end  of  the  tenth  "A"  section  and  also  one  at  the  upper  end 
to  aid  in  observing  the  working  of  the  drain. 

The  total  breakage  in  this  shipment  was  nine  tile,  four  being 
found  broken  while  unloading  the  car. 

{h)  Montrose,  Coi^o. — ^The  point  selected  for  placing  the  tile 
was  about  12  miles  from  Montrose  on  "seep"  land  near  milepost 
No.  6  and  below  the  level  of  the  South  Canal  on  the  Uncompahgre 
Project  of  the  United  States  Reclamation  Service.  The  soil  con- 
sists of  adobe  and  shale.  This  shale  becomes  very  hard  when  dry 
and  is  difficult  to  excavate.  The  upper  end  of  the  tile  line  was 
entirely  through  shale.  The  amount  of  water  flowing  in  the  bot- 
tom of  the  trench  was  small,  being  as  great  near  the  upper  end  as 
at  the  outlet,  indicating  that  most  of  the  seepage  occurs  through 
the  shale.  Seepage  was  small  in  amount  because  the  canal  had 
been  emptied  previous  to  the  excavation  of  the  ditch  for  the  experi- 
mental drain,  but  during  the  summer  months  the  seepage  should 
be  considerably  increased,  as  the  change  from  concrete-lined  to 
the  unlined  canal,  whose  maximum  capacity  is  1300  second-feet,  is 
made  opposite  the  upper  end  of  the  tile  line. 

The  breakage  of  tile  at  this  point  was  the  maximum,  22  tile 
being  damaged  in  the  railroad  and  wagon  haul.  A  1 2-foot  wooden 
box  was  placed  at  the  outlet  and  wooden  silt  boxes  at  the  two 
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Fig.  32. — View  from  upper  end  of  opened  ditch  for  experimental  drain  at  Yuma, 
Ariz.,  showing  tile  laid  along  the  ditch  ready  for  placing.  There  is  only  little 
alkali  salt  visible  on  the  surface  at  this  site,  and  conditions  do  not  appear  to  he  as 
severe  as  on  m,any  of  the  other  projects,  although  the  salts  perhaps  are  of  the  worst 
character 


Fi<^-  33' — View  of  opened  ditch  at   Yuma,  Ariz.,  showing 
heavy  flow  of  seepage  water  in  the  bottom:  also  the  method 
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Fig.  35 . — View  from  lower  end  of  opened  ditch  for  experimental  drain  at  Roswell, 
N.  Mex.,  showing  tile  strewn  ready  for  placing.  Note  the  entire  trench  is 
partly  excavated  and  banks  are  vertical.  The  concentration  of  salts  is  not  as 
great  at  this  project  as  at  some  of  the  others 
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Fig.  37. —  I'icw  of  site  of  experimental  drain  at  Grand  Junction,  Colo., 
showing  extremely  heavy  concentration  of  alkali  salts  on  the  surface  of  the 
ground.  There  is  practically  no  vegetation  other  than  alkali  weed. 
Observe  the  salts  are  tnore  concentrated  on  the  high  spots 


Fig.  2,'^. — Site  of  experimental  drain  at  Grand  Junction,  Colo.,  showing  heavy  alkali 
deposit.     The  tile  have  been  strewn  ready  for  placing.     Note  lack  of  vegetation 


Fig.  39. — Opened  ditch  for  experimental  drain  at  Grand  Junction, 
Colo.,  showing  the  difficulties  encountered  in  placing  the  tile. 
Observe  the  caving  banks  and  timber  bracing  required 
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angles,  at  stations  2+60  and  5+35.  From  stations  1+92  to 
2+42  and  2  +  75  to  3+07  the  tile  were  laid  on  boards  in  the  bot- 
tom of  the  trench.  The  location  of  this  drain  is  shown  in  Figs.  40, 
41,  and  42. 

{i)  C01.UMBIA,  Mo. — ^The  experimental  drain  at  Columbia  was 
placed  on  land  belonging  to  and  being  farmed  by  the  University 
of  Missouri  Agricultural  School,  about  one-half  mile  south  of  the 
campus.  The  line,  which  has  a  total  fall  of  about '24  feet,  follows 
the  line  of  a  small  channel  which  has  been  cut  by  surface  water. 
The  depth  of  the  tile  below  the  surface  is  small,  as  shown  in  Figs. 
43  and  44,  but  it  is  sufficient  to  protect  the  Hne  from  frost  action. 
The  upper  12  or  15  inches  is  black  soil  and  rather  easy  to  dig,  with 
the  exception  of  a  short  length  through  the  ridge  at  station  2  +  00, 
where  some  rocks  were  found.  The  soil  was  moist,  but  no  stream 
of  water  was  developed  during  the  trenching.  A  wooden-box  out- 
let was  placed  at  the  lower  end  where  the  earth  covering  tvas 
shallow. 

The  total  breakage  in  the  shipment  of  tile  to  this  point  was  22. 

(y)  Crookston,  Minn. — ^The  tile  shipped  to  Crookston  were 
installed  in  a  40-acre  tract  of  pasture  land,  which  is  part  of  the 
land  belonging  to  the  "Northwest  Agricultural  School"  of  the 
University  of  Minnesota,  which  is  located  about  i  yi  miles  north  of 
Crookston.  This  region  is  very  flat  and  has  very  Httle  natural 
surface  drainage,  being  made  up  mainly  of  small  ridges  and 
depressions  varying  only  a  few  feet  in  elevation.  The  flatness  of 
the  country,  of  which  this  farm  is  one  of  the  lowest  areas,  is  shown 
by  the  results  of  a  topographical  survey,  which  indicates  that  in 
the  476  acres  included  in  this  farm  the  greatest  difference  in  eleva- 
tion is  about  2  feet. 

The  soil  is  mainly  a  clayey  loam,  the  upper  few  inches  being 
black,  the  lower  sections  yellow,  but  of  about  the  same  composi- 
tion. The  black  soil  appears  to  be  deeper  in  the  depressions. 
Scattered  deposits  of  alkali  salts  can  be  found  in  the  elevations. 
At  the  time  the  trench  was  dug  the  soil  was  quite  moist  and  sticky, 
and  was  removed  from  the  spade  with  difficulty.  The  lower  foot 
was  harder  and  drier  and  even  more  difficult  to  dig. 
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Fig.  40. — Showing  location,  plan,  profile,  and  arrangement  of  experimental  drain  tile  at 

Montrose,  Colo. 
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Fig.  41. — View  from  upper  end  of  site  of  experimental  drain  at  Montrose,  Colo., 
showing  the  opened  ditch  and  the  distribution  of  the  tiles  just  previous  to  placing. 
Observe  hard  shale  excavated  at  upper  end  to  the  right  in  picture 


Fig.  42. — Lower  end  of  opened  ditch  for  experimental  drain  at  Montrose,  Colo.,  show- 
ing depth  of  completed  trench,  flow  of  seepage  water,  and  alkali  salts  on  surface  of 
soil  where  partially  dried  in  the  foreground 


Action  of  Alkali  on  Cement  Drain  Tile- 
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Fig.  43. — Showing  location,  plan,  profile,  and  arrangement  of  experimental  drain  tile  at 

Columbia,  Mo. 
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As  shown  in  Fig.  45  the  tile  were  placed  quite  shallow,  with  a 
uniform  fall  of  0.8  foot  in  the  length  of  800  feet.  A  wooden  box 
emptying  into  an  open  ditch  was  placed  at  the  outlet.  (See  Fig. 
46.)  There  was  no  flow  of  water  at  the  time  the  tile  were  installed. 
The  total  breakage  in  tile  in  this  shipment  amounted  to  six,  of 
which  tliree  were  broken  in  being  hauled  to  the  ditch. 

(k)  Ames,  Iowa. — A  car  containing  48  tile  of  each  series,  except- 
ing series  15,  of  which  there  were  only  42,  was  shipped  to  the 
campus  of  Iowa  State  College,  Ames,  Iowa,  for  storage.  These 
tile  were  piled  on  wooden  strips  so  as  to  keep  them  above  the 
surface  of  the  ground.  A  more  careful  account  was  made  of  the 
breakage  here  than  had  been  made  of  the  previous  shipments. 
Although  no  packing  of  any  kind  was  used  and  the  tile  were  piled 
to  a  height  varying  from  four  high  at  the  ends  to  two  high  at  the 
doorway  of  the  car,  only  three  tile  were  broken.  When  the  car 
was  opened,  the  tile  were  found  arranged  just  as  placed  at  the  time 
of  loading.  The  breakage  was  confined  to  the  lower  layers  near 
the  car  sides,  indicating  that  the  damage  was  due  to  the  wedging 
of  the  tile,  caused  by  movement  of  the  car  sides. 

V.  TESTING    OF   TILE 

The  first  physical  tests  of  the  tile  were  made  in  191 4,  about  one 
year  after  the  tile  were  placed.  A  representative  of  the  Bureau 
visited  all  projects,  where  two  tile  of  each  type  were  removed  from 
each  drain  and  tested  immediately  upon  removal. 

A  small  portable  machine  was  designed  (Fig.  47)  which  could 
be  transported  to  the  site  of  the  drains.  This  machine  with  all 
accessories  and  trunk  for  carrying  weighed  170  pounds.  The 
machine  is  of  3800-pound  capacity,  of  the  three-edge  bearing  type, 
and  consists  essentially  of  a  steel  angle  iron  frame  supporting  a 
hydraulic  press  which  is  operated  by  a  hand  lever  through  a  worm 
gear  and  screw  for  applying  the  load.  The  load  is  recorded  on  a 
hydraulic  gauge  which  can  be  read  to  5  pounds. 

The  tile  were  uncovered  and  taken  from  the  ditch  one  or  two  at 
a  time,  cleaned,  measured,  and  tested  immediately.  Notes  were 
made  on  the  length  and  thickness  of  the  tile  at  each  end;  also  its 
condition  if  in  any  way  abnormal.     The  tile  were  placed  in  the 
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Fig.  44. — Lower  end  of  experimental  drain ,  Columbia,  Mo.,  showing  shallow  installation 
of  tile  necessary  on  account  of  high  outlet 
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Fig.  45- — Showing  location,  plan,  profile,  and  arrangement  of  experimental  drain  tile  at 

Crookston,  Minn. 
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machine  in  the  same  relative  position  as  found  in  the  ditch,  care 
being  taken  to  obtain  a  uniform  bearing  on  all  edges  and  to  oper- 
ate the  hand  lever  at  as  uniform  a  rate  as  possible.  The  load  was 
applied  at  the  rate  of  about  1 500  pounds  per  minute. 

VI.  RESULTS    OF   TESTS 

The  results  of  all  tests  of  the  tile  after  one  year's  exposure  in 
alkali  soils  are  given  in  Table  8.  To  determine  the  approximate 
loads  which  these  tile  would  have  withstood  in  the  trench  the 
results  given  should  be  multiplied  by  the  constant  1.50,  which  is 
the  factor  recommended  by  the  American  Society  for  Testing 
Materials.  The  results  as  a  whole  are  quite  uniform  and  compare 
favorably  with  other  tests  of  drain  tile.  Occasionally  results  of 
.tests  of  similar  tile  differ  by  30  or  40  per  cent,  but  usually  they 
agree  within  a  few  per  cent.  It  should  be  borne  in  mind  that 
these  tile  are  exposed  to  abnormal  conditions,  which  may  cause 
a  variation  in  results  of  tests  of  apparently  similar  tile  only  a  few 
feet  apart  in  the  same  ditch.  No  general  conclusions  should  be 
drawn  from  the  results  of  this  investigation  until  it  has  progressed 
for  several  years  and  tests  have  been  made  of  a  sufficient  num- 
ber of  tile  of  each  type  to  confirm  beyond  question  the  behavior 
of  each  particular  type. 

A  summary  of  the  results  is  given  in  Table  9.  The  results  of 
tests  included  in  Table  9,  are  shown  diagrammatically  in  Figs.  48 
and  49.  It  should  be  emphasized  that  the  breaking  tests  alone 
should  not  be  taken  as  an  index  of  the  resistance  of  the  tile  to 
alkali  action,  as  some  of  those  which  had  a  normal  or  only  slightly 
reduced  strength  showed  evidence  of  alkali  action  by  softened 
edges  or  cracked  surfaces.  Where  such  action  has  been  noted  it 
is  possible  another  year  or  tw^o  of  exposure  may  cause  the  failure 
of  the  tile  although  this  need  not  necessarily  result. 
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Fig.  46. — Lower  end  of  experimental  drain  at  Crookston, 
Minn.,  showing  shallow  installation  of  tile  with  box  at 
outlet  to  prevent  tile  being  washed  out 
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Fig.  47. — Portable  tile-te sting  machine  of  three-edge  hearing  type 
used  in  testing  experimental  tile  at  the  site  of  the  drain.  The 
pressure  applied  to  the  tile  through  the  worm  gear  and  screw  is 
m^easured  in  the  hydraulic  gauge  which  is  attached  to  the  ram. 


Action  of  Alkali  on  Cement  Drain  Tile 

TABLE  8 
Complete  Results  of  Tests  of  Experimental  Cement  Drain  Tile  (1914) 

[Total  breaking  load  in  pounds] 
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Location 

Tile  series  No.  — 

Exposure 

1 

2 

3 

1 
4      5 

6 

14 

15 

a 

b 

a 

b 

a 

b 

a 

b   a 

b 

a 

b 

a 

b 

a 

b 

Atmos- 

Ames,  Iowa... 

2825 

2425 

2395 

1955 

2905 

2140 

2030 

1275 

phere.a 

2895 

2895 

2130 

2045 

3220 

3150 

2670 

2045 

31? 

)5 

2660 

1990 

2950 

3105 

2320 

2275 

1530 

Fresh  wa- 

Columbia, Mo 

2705 

2670 

2600 

2385 

2480 

2690 

2725 

2615 

2140 

2555 

2535 

2750 

2555 

2340 

1615 

1515 

ter. 

Crookston, 
Minn. 

2579 

2759 

2748 

3085 

2770 

3231 

&2394 

2951 

2181 

2592 

2883 

2523 

2782 

2748 

1319 

1770 

Alkali 

Garland.Wyo 

3390 

3175 

3030 

2885 

1945 

C3365 

2680 

2750 

2645 

2750 

2340 

1910 

2770 

2435 

1595 

1375 

water. 

Fort  Shaw, 
Mont. 

2780 

2470 

2490 

2570 

2680 

2525 

1825 

2350 

1900 

3105 

d2545 

^^3715 

2670 

2995 

1385 

1680 

Sunnyside, 

2645 

2460 

3005 

3285 

2570 

&1980 

2320 

28402415 

2660 

2350 

1910 

2360 

2635 

1375 

1375 

Wash. 

i 

Yuma,  Ariz. . . 

2570 

3420 

2860 

3120 

2350 

2160 

2500 

2375  2075 

2350 

1910 

2340 

2535 

2660 

1715 

1550 

Roswell,  N. 

2385 

3050 

3590 

2690 

2840 

2490 

2645 

2425  2470 

3230 

2985 

&2010 

2750 

2525 

1750 

1470 

Mex. 

i 

! 

Montrose,  Colo 

2870 

2715 

3075 

3030  2200 

2360 

2940 

3500  3150 

3150 

2245 

2795 

2705 

2905 

el220 

1220 

Grand  Junc- 

2590 

2670 

2815 

2975  2885 

/1375 

2130 

2555  2055 

2115 

2045 

2960 

2265 

3175 

el625 

el855 

tion,  Colo. 

1 
i 

Huntington, 

t2435 

2105 

3330 

3580  1530 

1825 

3465 

2985  2770 

2645 

91485 

'4440 

2770 

2905 

1725 

2105 

Utah. 

[ 

«  Tests  were  made  at  Ames  following  a  heavy  rain  to  which  the  tile  had  been  exposed. 

*>  Fractured  surfaces  showed  poor  tamping  of  walls. 

c  Heavy,  crusty,  white  deposit  on  outer  bottom  surface.    Apparently  did  not  penetrate  into  wall. 

<i  White  deposit  on  outer  surface  near  one  end  of  tile. 

«  Soft  spot  on  outer  surface  at  end  of  tile. 

/  Fractured  surface  white. 

ff  Circumferential  crack  apparent  after  breaking. 

^  Two  longitudinal  cracks  and  circumferential  cracks  at  ends. 

•  Long  crack  previous  to  testing.     Crack  placed  so  as  to  be  at  eighth  point  in  machine. 
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TABLE  8— ContinuecJ 


Eiposure 


Atmos- 
phere.a 


Location 


Tile  series  No. 


a      b 


Ames,  Iowa. 


Crookston,  Minn. 


Fresh  wa-  Columbia,  M. 
ter. 

Alkali     Garland,  Wyo 
water.      Fort  Shaw,  Mont 

Suimyside,  Wash 

Yuma,  Ariz 

Roswell,  N.  Mex 

Montrose,  Colo 

Grand  Junction,  Colo 
Huntington,  Utah 


1265 
1165 
1385 


1210 
1517 

1200 
1185 
900 
1505 
1175 
1405 
1295 
1570 


1145 
1417 

1605 
1310 
1320 
1255 
1470 
1340 
1220 
1505 


a   b 


940 
860 
1035 


1075 
950 

770 
1185 

980 
1054 

980 
1000 

840 
1075 


970 
1044 

820 

910 

990 

1090 

1100 

960 

910 

1120 


a   b 


1570 
1485 
1945 


1530 
1660 

1570 
1625 
1870 
1715 
1450 
1910 
1175 
1920 


1705 
1506 

1440 
1485 
1585 
1650 
1660 
1495 
1495 
1945 


10 


a   b 


1540 
1310 
1440 


1695 
1770 

1145 
1550 
1640 
1640 
1605 
1630 
1295' 
1570 


1870 
1857 

1090 

1515 

1750 

1980 

118 

1055 

1310 

1955 


11 


a   b 


1255 
1120 
1360 


61200 
1275 

1255 
1495 
1110 
1340 
1495 
1265 
1310 
1695 


1200 
1439 

1275 
1360 
1595 
1395 
1375 
1130 
1340 
1450 


12 


a   b 


1100 
1130 
1055 


1145 
920 

570 
1045 
1035 

910 
1255 
1000 
1035 
1185 


1200 
1154 

730 
980 
1035 
1055 
880 
1000 
1265 
1090 


13 


a   b 


1385 
1185 
1450 


1460 
1472 

1285 
1045 
1625 
1185 
1790 
1395 
1440 
1680 


1485 
1406 

1000 
1375 
1265 
1200 
1120 
1595 
1065 
1295 


16 


a   b 


1185 
1100 
1350 


1000 
1000 

660 

1020 

1055 

1000 

1145 

490 

760 

840 


1155 
880 

720 
940 
950 
1100 
1010 
1065 

(0 
1075 


a  Tests  were  made  at  Ames  following  a  heavy  rain  to  which  the  tile  had  been  exposed. 
^  Exact  breaking  load  not  noted;  approximately  1,200  pounds, 
c  Tile  badly  swollen  and  cracked.    Not  broken  in  machine. 
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Fig.  49. — Results  of  first  year's  tests  of  machine-made  cement 
drain  tile.     {See  Table  Q  for  detailed  results) 
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The  variations  in  results  of  the  same  mixtures  at  the  same  or 
several  points  may  also  be  due  in  part  to  the  nonhomogeneity  of 
the  material,  due  in  most  part  to  nonuniform  or  insufficient 
"packing"  in  the  machine,  or  "tamping"  by  hand.  With  the 
same  materials  the  two  factors  which  enter  into  the  strength  of 
the  product  are  "richness"  or  proportion  of  cement  and  the 
fabrication  or  process  of  manufacture.  A  rich  mixture  alone  will 
not  insure  a  product  of  good  quality.  The  low  strength  results 
obtained  in  a  number  of  cases  of  the  richer  mixtures  can  be 
explained  by  poor  tamping,  especially  in  the  handmade  tile, 
in  whose  broken  surfaces  rings  of  untamped  material  were 
apparent.  Even  though  extra  care  is  taken  in  the  tamping  there 
is  certain  to  be  some  variation  in  density  which  will  affect  the 
strength. 

The  great  majority  of  the  tile  were  unaffected  in  any  manner  at 
any  of  the  projects.  At  Sunnyside,  Wash.;  Yuma,  Ariz.;  and 
Roswell,  N.  Mex.,  it  may  be  stated  that  none  of  the  tile  showed 
any  abnormality  whatever.  At  Garland,  Wyo.,  the  leanest 
mixtures,  series  8,  12,  and  16,  showed  reductions  in  strength 
considerably  below  the  averages  for  these  series  at  all  points. 
Series  10  was  also  below  the  average,  but  the  results  are  explained 
by  the  fact  that  the  tile  were  completely  saturated,  an  unusual 
condition  for  the  tile  in  this  series,  which  may  be  due  to  excessive 
porosity.  At  Fort  Shaw,  Mont.,  one  tile  each  of  series  4  and  5 
showed  reduced  strength,  but  the  remaining  two  of  the  same  series 
were  about  normal. 

At  Grand  Junction,  Colo.,  the  tile  made  of  the  leanest  mixture 
(series  16)  were  swollen  and  cracked,  as  shown  in  Fig  50,  The 
tile  made  of  sand-cement,  series  15,  while  of  normal  strength 
showed  a  softening  at  the  edges  and  several  square  inches  of  one 
of  the  tile  was  similarly  affected  although  the  breaking  strength  was 
normal. 

At  Huntington,  Utah,  the  tile  of  series  6  appeared  to  be  affected 
by  the  alkali.  Although  these  tile  withstood  loads  of  over  i  ,400 
pounds,  there  were  a  number  of  longitudinal  and  circumferential 
cracks  apparent  before  testing  and  the  fractured  surfaces  appeared 
white. 


^'\ 
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Fig  ^o  —Swollen  and  cracked  tile  of  series  i6  after  one  year's  exposure  at 
Grand  Junction,  Colo.  The  interior  surface  is  cracked  similar  to  the 
exterior 
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At  Montrose,  Colo.,  the  tile  of  series  15  appeared  to  have  been 
affected  by  alkali.  On  one  of  the  tile  the  concrete  at  one  end  was 
softened,  apparently  due  to  alkali,  and  both  failed  under  com- 
paratively small  loads.  The  result  obtained  for  tile  i6a  was 
abnormal,  while  that  of  i6b  was  rather  above  the  average  for  this 
series.  The  early  failure  of  the  former  may  have  been  due  to 
cracks  which  were  overlocked  at  the  time  the  tile  was  placed  the 
year  previous. 

The  absorption  of  moisture  by  the  walls  of  the  tile  of  the  various 
series  was  noticeable  at  the  different  projects.  The  apparent 
amount  of  absorption  varied  with  the  amount  of  water  present  in 
the  soils  at  the  various  points,  and  it  was  found  that  some  of  the 
series  would  be  apparently  saturated  where  the  ground  was  barely 
moist  while  other  series  were  apparently  only  slightly  damp, 
even  where  the  drain  was  filled  with  mud  and  water.  Of  the 
handmade  tile  and  under  the  worst  conditions  series  2  was,  with 
very  few  exceptions,  found  to  be  slightly  damp,  as  indicated  by  the 
appearance  of  the  fractured  surfaces.  This  difference  is  not  alone 
due  to  the  variation  in  the  proportions  of  the  cement,  since  series  3, 
4,  5,  and  6,  the  richest  mixtures  used,  were  nearly  always  found 
partially  or  completely  saturated.  The  term  saturated  is  indefinite 
and  inexact,  since  the  condition  was  determined  only  by  observa- 
tion, but  was  used  to  indicate  a  dark  spongy  appearance  of  the 
fractured  surface  common  to  water-soaked  concrete.  The  tile  of 
series  14,  next  to  those  of  series  2,  showed  the  smallest  amount 
of  absorption,  while  the  tar-coated  tile  of  series  5  and  the  tile  of 
series  6,  containing  the  ferrous  sulphate,  were  usually  found  to 
show  the  greatest  absorption.  We  have  no  explanation  to  offer 
for  the  saturation  of  the  tile  of  series  5  and  6. 

The  absorptioii  of  the  machine-made  tile  varied  as  the  amount 
of  cement  contained  in  them.  The  tile  of  series  9  and  10  were 
usually  found  apparently  dry  or  only  partially  saturated  with  a 
few  wet  spots  in  the  fractured  surfaces  while  the  tile  of  series  8,  12, 
and  16,  the  leanest  mixtures,  were  always  found  saturated.  Some 
low  results  obtained  may  be  partially  due  to  higher  porosity, 
which  caused  the  tile  to  be  saturated  when  tested.  This  condition 
would  also  tend  to  increase  the  danger  of  failure  due  to  alkali 
action  at  a  later  period. 
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VII.  CONCLUSIONS 

The  details  of  this  investigation  and  the  results  of  the  first  year's 
tests  are  published  at  this  time  because  of  their  economic  value  in 
demonstrating  to  those  who  are  now  using  or  considering  using 
cement  drain  tile  that  special  care  should  be  observed  to  employ 
only  the  best  materials  and  good  workmanship  in  its  fabrication, 
and  if  these  precautions  are  not  observed  failure  will  result  if  the 
drain  is  located  in  some  of  the  more  concentrated  alkali  soils 
similar  to  those  found  at  Grand  Junction,  Colo.,  and  Garland,  Wyo. 

Drain  tile  manufactured  in  a  manner  as  herein  described  for 
series  2,  9,  10,  11,  13,  and  15  of  cement  mixtures  not  leaner  than 
one  part  cement  to  three  parts  of  aggregate  are  apparently  unaf- 
fected structurally  when  exposed  for  one  year  in  operating  drains 
in  very  concentrated  alkali  soils,  similar  to  anv  of  those  included 
in  this  investigation. 

Drain  tile  made  from  cement  mixtures  leaner  than  one  part 
cement  to  three  parts  of  aggregate  should  not  be  used  in  localities 
where  the  character  of  the  alkali  and  concentration  are  similar  to 
that  found  at  the  site  of  the  experimental  drains  at  Grand  Junc- 
tion, Colo.,  Montrose,  Colo.,  and  Garland,  Wyo.,  and  it  is  possible 
that  subsequent  results  will  show  that  no  leaner  mixture  should 
be  used  in  any  district  where  appreciable  alkali  is  found. 

Drain  tile  manufactured  in  the  m.anner  herein  described  of  one 
part  cement  to  four  parts  of  aggregate,  the  leanest  mixture  used, 
is  apparently  tmaffected  structm-ally  by  exposure  for  one  year  in 
an  operating  drain  in  localities  where  the  character  of  the  alkali 
and  the  concentration  are  similar  to  those  found  at  Fort  Shaw, 
Mont. ;  Sunnyside,  Wash. ;  Yuma,  Ariz. ;  and  Roswell,  N.  Mex. 

Other  than  the  above,  no  very  general  conclusions  should  be 
drawn  from  this  investigation  until  the  results  of  further  tests  are 
obtained.  It  is  anticipated  that  this  report  will  be  amended  from 
time  to  time  as  the  results  are  available. 

The  Bureau  would  be  pleased  to  receive  information  concerning 
the  behavior  of  concrete  exposed  to  strongly  alkaline  soil  which 
may  come  to  the  attention  of  engineers  or  others  interested  in  the 
use  of  concrete  under  these  conditions. 

Washington,  February  6,  1 91 5. 
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I.  PURPOSE  OF  INVESTIGATION 

One  of  the  most  important  problemvS  in  the  chemical  analysis 
of  rubber  compounds  is  the  determination  of  total  sulphur.  Many 
investigators  have  worked  on  this  subject,  with  the  result  that 
different  laboratories  have  their  own  methods,  and  comparison  of 
results  obtained  by  these  various  methods  is  always  difficult,  and 
at  times  impossible. 

This  Bureau  is  now  using  in  its  routine  analysis,  the  method  of 
Waters  and  Tuttle.^  In  order  to  learn  whether  or  not  the  methods 
for  this  determination,  which  have  been  recently  published,  were 
an  improvement  either  in  accuracy  or  time  required  over  the  one 
now  in  use,  and,  if  not,  to  determine  wherein  these  methods  are 
faulty,  the  present  investigation  was  undertaken. 

1  Bureau  of  Standards,  Reprint  174;  J.  Ind.  and  Eng.  Chem.,  3,  p.  734;  1911. 
83475°— 15  3 
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n.  GENERAL  CONSIDERATION 

The  determination  of  the  total  sulphur  in  rubber  is  far  from 
being  a  simple  problem,  involving  as  it  does  the  simultaneous 
determination  of  sulphur  in  a  number  of  different  substances. 
Sulphur  may  be  found  in  vulcanized  rubber  compounds  in  any 
of  the  following  forms : 

1.  Free  sulphur. 

2.  Sulphur  combined  with  rubber  (i.  e.,  vulcanized  rubber). 

3.  Metallic  sulphates,  usually  lead  and  barium. 

4.  Metallic  sulphides,  usually  lead  and  zinc. 

5.  Sulphur  compounds  of  fatty  acids  (from  the  so-called  oil 
substitutes,  or  "factis"). 

6.  Sulphur  in  bituminous  substances  ("mineral  rubbers"). 
The  first  and  second  of  these  are  always  present,  and  the  others 

may  or  may  not  be,  according  to  the  nature  of  the  compound. 
Any  method  which  has  for  its  purpose  the  determination  of  the 
total  sulphur  must  be  adequate  to  determine  any  or  all  of  these  in 
widely  varying  amounts.  In  our  experience  in  testing  material 
for  use  in  the  Government  departments,  the  total  sulphur  has 
varied  from  1.5  to  25  per  cent;  the  free  sulphur  from  practically 
nothing  to  10  per  cent;  and  sulphur  in  mecallic  sulphates  from 
nothing  up  to  6  per  cent.  The  rubber  content  varied  from  20  to 
90  per  cent,  and  the  quality  of  the  rubber  varied  from  the  best 
to  the  poorest.  We  have  no  quantitative  data  on  the  other  sulphur- 
bearing  components  of  rubber  goods,  but  we  are  certain  that  they 
are  frequently  present  and  carry  appreciable  quantities  of  sulphur. 
The  almost  universal  use  of  litharge  (in  amounts  sometimes  15 
and  even  20  per  cent)  in  rubber  mixings  may  have  considerable 
bearing  on  the  determination  of  sulphur  by  some  methods,  even 
though  the  litharge  does  not  in  itself  contain  sulphur.  Its  effect 
on  the  determination  of  total  sulphur  will  be  referred  to  later  in 
the  discussion  of  the  results  obtained  by  the  methods  investigated. 

m.  REVIEW  OF  RECENT  METHODS 

In  connection  with  the  previous  publication  on  this  subject  from 
this  Bureau, 2  a  number  of  the  methods  in  use  at  that  time  were 
investigated  and  discussed.     Since  then  several  new  methods  have 

2  Waters  and  Tuttle,  loc.  cit. 
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been  proposed.  Alexander's^  method,  involving  the  oxidation  of 
the  rubber  with  sodium  peroxide,  was  recommended  by  Allen  ^  as 
a  "reliable  rapid  method."  Spence  and  Young  ^  worked  on  a 
variation  of  the  electrolytic  oxidation  first  suggested  by  Gas- 
parini,^  and  afterwards  developed  by  Hinrichsen.'^  Kay e  and 
Sharp  ^  proposed  fusing  the  rubber  directly  with  a  mixture  of 
zinc  oxide  and  potassium  nitrate.  Ernst  Deussen  ^  offered  a  new 
idea  in  an  attempt  to  determine  only  the  free  sulphur  and  the  sul- 
phur combined  with  the  rubber.  After  decomposition  with  con- 
centrated nitric  acid  and  evaporating,  he  treated  the  residue  with 
sodium  carbonate  and  water  and  filtered,  determining  the  sulphur 
in  the  filtrate  colorimetrically.  The  Joint  Rubber  Insulation  Com- 
mittee ^^  proposed  a  procedure  for  the  complete  analysis  of  rubber 
insulation  material  according  to  v/hich  the  total  sulphur  is  deter- 
mined by  fusion  with  a  mixture  of  sodium  peroxide  and  potassium 
carbonate.  While  this  method  was  recommended  for  30  per  cent 
Para  insulation  compounds  only,  it  is  desirable  to  know  whether 
it  has  a  wider  application.  H.  P.  Stevens"  suggested  a  method 
for  correcting  for  the  loss  of  volatile  sulphur  in  the  Henriques 
method  by  absorbing  the  gases  from  the  determination  in  alkali 
and  subsequently  determining  the  sulphur  thus  absorbed.  Utz  ^^ 
gave  a  review  of  the  subject  in  which  the  method  of  Kaye  and 
Sharp  was  compared  with  that  of  Frank  and  Marckwald.^^  He 
considered  the  two  methods  of  equal  value. 

There  are  two  general  methods  for  determining  sulphur  in 
organic  compounds  which  have  been  used  to  determine  the  sulphur 
in  rubber,  viz,  the  Carius  and  the  bomb  methods.  These  are  so 
well  known  that  description  at  this  time  is  unnecessary.  Both  of 
them  are  considered  adequate  to  determine  the  total  sulphur  when 
modified  to  suit  the  conditions  peculiar  to  rubber.     Such  modifi- 

^GutQini  Ztg.,  18,  pp.  729-730;  1904. 

*  Allen's  Commercial  Organic  Analysis,  4th  ed..  Vol.  IV,  n.  140;  1911. 

6J.  Ind.  &  Eng.  Chem.,  4,  p.  413;  1912. 

^Gazzetta  Chim.  Ital.,  37,  II,  pp.  426-461;  1907. 

'  Chem.  Ztg.,  33,  p.  735;  1909. 

8  India  Rubber  J. ,44,  p.  1189;  1913. 

•Zs.  Angew.  Chem.,  24,  p.  494;  1913. 

10  J.  Ind.  &  Eng.  Chem.,  5,  p.  78;  1914. 

"  Analyst,  39,  p.  74,  1914;  and  India  Rubber  J.,  il,  p.  785,  1914. 

"Gummi  Ztg.,  28,  pp.  631-632;  19x4. 

"GummiZtg.,  17,  p.  71;  1903. 
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cations,  however,  are  time-consuming  and  render  these  methods 
undesirable  for  the  routine  analysis  of  rubber  goods.  It  was  there- 
fore not  considered  necessary  to  give  analytical  data  in  this  paper. 

IV.  SAMPLES  ♦ 

Even  when  the  assumed  total  sulphur  content  is  given,  this 
information  is  not  sufficient  to  enable  one  to  judge  the  efficiency 
of  the  method,  since  some  methods  will  give  low  results  with 
materials  containing  much  free  sulphur.  For  the  proper  inter- 
pretation of  the  results  by  any  method  the  entire  composition  of 
the  samples  used,  at  least  as  far  as  the  sulphur-bearing  constituents 
are  concerned,  should  be  known  and  reported. 

The  samples  used  in  this  investigation  are  described  in  the  fol- 
lowing table: 

Composition  of  Samples 

[The  figures  gi\'en  below  arc  approximate  percentages  only] 


Sample 

A 

B 

C 

D 

E 

F 

G 

H 


Description 


Insulation 

Suction  hose . . 

Special 

Insulation 

Rubber  bands 

Special 

Gasket 

White  tubing.. 


Rubber  content 


30 fine  Para... 
40  high  grade. 
48  fine  Para . . . 
28.5  fine  Para. 
93  high  grade.. 
42  coarse  Para 
55  poor  quality. 
20  poor  quality. 


Total  S 

Frees 

5.0 

0.5 

6.0 

.5 

a  4. 25 

.6 

1.75 

1.00 

5.0 

2.7 

08.1 

4.0 

12.0 

8.0 

21.0 

9.0 

Mineral  fillers 


18  barytes. 

18  barytes. 

16  barytes,  16  litharge. 

4  litharge. 

2  litharge. 

30  sublimed  lead,  5  litharge. 

2  barytes,  2  litharge. 

36  barytes. 


a  The  amount  of  sulphur  added  as  such  in  samples  C  and  F  was  2  per  cent  and  5.4  per  cent,  respectively. 

Sample  A  was  one  of  the  samples  used  in  the  investigations  of 
the  Joint  Rubber  Insulation  Committee.  Samples  B,  E,  G,  and  H 
were  taken  from  deliveries  on  various  Government  contracts." 
Sample  D  was  prepared  especially  for  the  investigations  of  the 
analytical  committee  of  the  Rubber  Section  of  the  American 
Chemical  Society.  Samples  C  and  F  were  specially  prepared  by 
one  of  the  authors  (J.  B.  Tuttle)  at  the  factory  of  the  Voorhees 
Rubber  Manufacturing  Co.,  at  Jersey  City,  N.  J.,  for  the  purpose  of 
investigating  the  determination  of  total  sulphur.  Great  care  was 
taken  in  the  weighing  and  mixing.     The  composition  was  chosen  so 


'*  In  this  connection  it  will  be  of  interest  to  note  that  G  was  taken  from  a  delivery  offered  on  a  contract 
calling  for  so  per  cent  fine  Para  rubber  and  not  over  3  per  cent  of  sulphur  other  than  that  present  as  barytes. 
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as  to  show  the  effect  upon  the  analysis  of  the  two  commonly  used 
sulphates,  barytes  and  sublimed  lead,  and  the  vulcanization  was 
controlled  so  that  one  of  the  samples  should  have  a  rather  large 
free  sulphur  content.  These  two  samples  have  practically  the 
same  composition  as  many  that  are  frequently  met  with  in  oui 
routine  work  and  may  therefore  be  considered  as  representative 
of  such  materials. 

V.  METHODS  COMPARED 

Direct  solution  methods : 

1.  Spence  and  Young,  concentrated  HNO3,  fuming  HNO3  ^^^ 
electrolysis. 

2.  Deussen,  concentrated  HNO3  ^^^  extraction  with  NagCOa. 
Direct  fusion  methods : 

3.  Alexander,  NaaO^. 

4.  Joint  Rubber  Insulation  Committee,  NagOg  and  KNO3. 

5.  Kaye  and  Sharp,  ZnO  and  KNO3. 
Solution  and  fusion  methods: 

6.  Frank  and  Marckwald,  fuming  HNO3,  fusion  with  NagCOg 
and  KNO3. 

7.  Waters  and  Tuttle,  concentrated  HNO3  and  Br,  fusion  with 
NaaCOa  and  KNO3. 

Special  method: 

8.  Acetone  extraction,  and  separate  determination  of  free  and 
residual  sulphur. 

The  methods  as  originally  described  by  the  various  investiga- 
tors were  followed  as  closely  as  possible.  Whenever  it  was  con- 
sidered advisable  to  depart  from  the  original  method  the  reasons 
therefor  are  given.  Unless  otherwise  stated,  0.500  gram  was 
taken  for  each  determination.  The  ''fusion  mixture"  used  was 
composed  of  equal  parts  of  sodium  carbonate  and  potassium 
nitrate.  Fusions  were  made  with  the  gasoline  gas  generator 
described  by  Waters. ^^  The  barium  sulphate  precipitates  were 
allowed  to  stand  over  night  before  filtering,  and  were  ignited  and 
weighed  in  porcelain  crucibles.  Insoluble  residues  were  exam- 
ined for  sulphur,  the  amounts  of  which,  if  present  in  appreciable 
quantities,  are  given.     The  reagents  used  were  tested  and  found 

1*  J.  Ind.  &  Eng.  Chem.,  5,  p.  853;  1913. 
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to  be  practically  free  from  sulphur,  so  that  no  corrections  are 
necessary  on  their  account.  Methods  4,  6,  7,  and  8  are  intended 
to  determine  the  total  sulphur,  while  i,  2,  3,  and  5  are  intended 
for  the  determination  of  sulphur  other  than  that  present  as  inso- 
luble sulphates. 

1 .  Spence  and  Young. — The  rubber  v/as  treated  with  5  cc  of 
concentrated  nitric  acid,  and  heated  gently.  When  the  first  reac- 
tion was  over,  about  50  cc  (exact  amount  was  not  specified  by  the 
authors)  of  fuming  nitric  acid  was  added  and  the  solution  electro- 
lyzed.  As  a  source  of  current  an  8-volt  storage  battery  was  used. 
This  was  connected  directly  to  the  platinum  electrodes.  The 
resistance  of  the  electrolytic  cell  was  such  that  the  current  was 
usually  between  2  and  3  amperes,  though  at  times  it  was  as  low  as 
I  ampere.  After  two  or  three  hours,  the  current  was  discontinued, 
the  electrodes  removed,  i  gram  of  potassium  nitrate  ^^  was  added, 
and  the  solution  evaporated  to  dryness.  The  nitric  acid  was 
completely  removed  with  hydrochloric  acid  by  several  evapora- 
tions. A  few  drops  of  hydrochloric  acid  were  added,  the  residue 
was  treated  with  hot  water,  and  filtered.  The  sulphur  in  the 
filtrate  was  precipitated  as  usual.  The  insoluble  matter  filtered 
off  above  was  fused  with  5  grams  of  fusion  mixture,  extracted 
with  hot  water,  filtered,  and  after  acidification  the  sulphur  in  the 
filtrate  was  precipitated  as  usual. 

2.  DeussEn. — ^The  Deussen  method  was  not  followed  exactly  as 
given  by  the  author.  The  rubber  Vv^as  treated  in  a  porcelain  cru- 
cible with  concentrated  nitric  acid  and  covered.  After  heating 
for  a  short  time,  the  cover  was  removed  and  the  solution  evapo- 
rated to  dryness.  The  residue  was  treated  with  sodium  carbonate 
and  water,  and  after  heating  the  solution  was  filtered.  Up  to  this 
point  the  original  method  was  followed  exactly.  Deussen  reduces 
the  sodium  sulphate  to  sulphide  and  determines  the  latter  colori- 
metrically.  In  order  td  avoid  any  error  introduced  by  this  pro- 
cedure and  to  obtain  a  better  comparison  with  the  other  methods, 
we  added  potassium  nitrate  to  the  filtrate,  evaporated  to  dryness, 
and  fused.     The  sulphur  in  the  cooled  melt  was  determined  as 

^^  Spence  and  Young  add  i  gram  of  sodium  carbonate,  but  inasmuch  as  this  on  solution  is  changed  to 
sodium  nitrate  we  used  potassium  nitrate,  which  serves  the  same  purpose  and  obviates  the  spattering 
caused  by  the  addition  of  a  carbonate  to  the  hot  concentrated  acid. 
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under  the  Waters  and  Tuttle  method.  The  insohible  residue  from 
the  sodium  carbonate  filtration  was  fused  with  5  grams  of  fusion 
mixture  and  the  sulphur  determined  as  usual. 

3.  Ai^EXANDER. — The  Alexander  method,  as  given  in  "Allen's 
Commercial  Organic  Analysis,"  is  said  to  be  rapid  and  reliable. 
The  rubber  is  intimately  mixed  with  1 6  grams  of  sodium  peroxide 
in  an  iron  crucible  provided  with  a  lid  through  which  a  small  hole 
has  been  bored.  The  combustion  is  started  by  introducing 
through  this  hole  a  red-hot  iron  wire.  No  further  heating  is 
required.  When  the  mass  is  cool  it  is  dissolved  in  water,  the  cruci- 
ble, lid,  and  wire  are  removed,  the  solution  is  acidified  with  hydro- 
chloric acid  and  boiled,  filtered  if  necessary,  and  the  sulohate 
precipitated  by  means  of  barium  chloride. 

4.  Joint  Rubber  Insui^ation  Committee. — The  rubber  was 
fused  with  4  grams  of  sodium  peroxide  and  6  grams  of  potassium 
carbonate.  The  cooled  melt  was  extracted  with  hot  water  to 
which  some  bromine  water  had  been  added.  The  solution  was 
filtered,  acidified  with  hydrochloric  acid,  and  evaporated  to  dry- 
ness to  dehydrate  silica.  About  400  cc  of  water  was  added,  the 
solution  made  slightly  acid  with  hydrochloric  acid,  filtered,  and 
the  sulphur  in  the  filtrate  determined  as  usual. 

5.  Kaye  and  Sharp. — The  rubber  was  mixed  with  4  grams  of 
zinc  oxide  and  2  grams  of  potassium  nitrate,  placed  in  a  crucible 
(both  iron  and  porcelain  were  used),  and  covered  with  a  layer  of 
zinc  oxide  about  i  cm  deep.  This  was  carefully  heated,  at  first 
with  a  low  and  afterward  with  a  full  Bunsen  flame.  The  crucible 
and  contents  were  placed  in  a  beaker,  covered  with  water  and 
heated,  the  solution  was  acidified  with  hydrochloric  acid  and 
filtered.     The  sulphur  in  the  filtrate  was  determined  as  usual. 

The  insoluble  residue  filtered  off  from  the  hydrochloric  solution 
was  fused  with  5  grams  of  fusion  mixture  and  the  sulphur  deter- 
mined as  under  the  insoluble  matter  in  the  Spence  and  Young 
method. 

6.  Frank  and  Marckwai^d. — The  rubber  was  treated  with 
about  20  to  25  cc  of  fuming  nitric  acid  in  a  porcelain  crucible, 
the  vessel  covered  with  a  watch  glass  and  allowed  to  stand  over- 
night. The  solution  was  evaporated  to  dryness,  the  residue  fused 
with  5  grams  of  fusion  mixture,  extracted  with  hot  water  and 
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filtered.     The  filtrate  was  acidified  with  hydrochloric  acid  and 
the  sulphur  precipitated  as  usual. 

7.  Waters  and  TuttIvE. — The  rubber  was  treated  in  a  porce- 
lain crucible  with  25  cc  of  concentrated  nitric  acid  saturated  with 
bromine,  the  vessel  covered  with  a  watch  glass,  and  allowed  to 
stand  one  hour.  It  was  heated  on  a  steam  bath  for  one  hour 
and  then  the  cover  was  removed  and  the  solution  evaporated  to 
dryness.  The  residue  was  fused  with  5  grams  of  fusion  mixture, 
extracted  with  hot  water,  filtered,  the  filtrate  acidified  with  hydro- 
chloric acid,  and  the  sulphur  precipitated  as  usual. 

8.  Extraction  with  Acetone. — Some  determinations  were 
made  by  extracting  2  grams  of  rubber  with  freshly  distilled 
acetone  for  eight  hours.  The  acetone  solution  was  evaporated  to 
dryness,  distilled  water  and  bromine  added,  the  solution  heated 
until  colorless,  filtered,  and  the  sulphur  in  the  filtrate  determined 
as  usual.  The  insoluble  residue  was  examined  for  sulphur  by 
fusing  with  5  grams  of  fusion  mixture.  The  amount  of  sulphur 
thus  found  was  scarcely  ever  more  than  a  few  tenths  of  a  milli- 
gram. 

The  extracted  rubber  was  dried  at  about  60°  C  and  the  sulphur 
determined  according  to  the  method  of  Waters  and  Tuttle.  The 
sum  of  these  various  determinations  should  be  the  total  sulphur. 

VI.  RESULTS  OF  TESTS 

Method 


1 

2 

4 

5 

6 

7 

8 

Sample 

a) 

s 

CO 

3 
^ 

0 
1 

••3 

3 

!2 

'w 

1 

3 
^ 

0} 

1 

0) 

3 

12 

"3 

1 

•3 

13 

1 

0) 

3 

1 

4.90 
4.94 
6.26 
6.31 

4.87 

A 

1 

4.53 
4.84 
3.84 
3.89 

1.66 
1.41 
2.74 
2.65 

6.19 
6.25 
6.58 
fi  «;4 

3.63 

2.43 

6.06 

6.00 
6.18 
6.26 
6.28 

6.29 
6.30 
6.33 
6.35 
6.42 
6.42 
6.43 
6.44 

0.51 
.40 
.44 

5.74 
5.90 
5.85 

6.25 

6.30 

6.29 

1 

B 
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II 


VI.  RESULTS  OF  TESTS— Continued 

Method— C  ontinued 


1 

2 

4 

5 

6 

7 

8 

Sample 

4} 

V 

!2 

Pi 

"3 
H 

i-i 

1 

0) 

3 
'w 
Pi 

5 
o 

H 

"3 

t3 
o 

12 

'm 

"3 

3.19 
2.55 

0.88 
1.52 

4.07 
4.07 

4.09 
4.13 
4.19 
4.31 

3.38 
2.45 
3.32 

0.66 

1.68 

.86 

4.04 
4.13 
4.18 

4.19 
4.20 
4.28 

4.17 

4.18 

4.20 

4.22 

4.23 

4.25 

1.65 

1.67 

1.70 

1.73 

1.75 

1.78 

4.95 

5.15 

5.22 

7.90 

7.96 

7.96 

7.96 

8.00 

8.01 

8.02 

8.09 

8.11 

8.12 

8.13 

8.13 

11.96 

12.00 

12.04 

12.08 

12.16 

12.18 

12.19 

12.20 

12.23 

12.29 

21.09 

21.16 

21.20 

21.30 

21.32 

21.36 

21.40 

0.61 
.63 
.60 

3.59 
3.60 
3.64 

4.20 

4.23 

c 

4.24 

1.73 
1.76 
1.78 
1.80 
1.81 
1.83 

D.    ... 

. 

4.91 

E 

5.39 
6.90 
6.42 
5.04 
4.67 
5.05 
4.52 
4.71 

2.33 
.88 
1.36 
2.75 
3.17 
2.81 
3.38 
3.26 

7.71 
7.78 
7.78 
7.79 
7.84 
7.86 
7.90 
7.97 

7.47 
7.74 

.47 
.22 

7.94 
7.96 

7.78 
7.80 
7.83 
8.01 
8.02 

6.89 
6.81 

.21 
.38 

7.10 
7.19 

7.72 
7.78 
7.80 
7.86 
7.88 

a3.59 

03.26 

4.02 

4.04 

4.22 
4.81 
4.06 
4.04 

7.81 
8.07 
8.08 

8.08 

F J 



11.49 
11.45 
11.46 
11.52 
11.36 
11.57 
11.43 
11.56 
11.47 
11.44 

.35 
.40 
.39 
.34 
.53 
.32 
.47 
.34 
.45 
.48 

11.84 
11.85 
11.85 
11.86 
11.89 
11.89 
11.90 
11.90 
11.92 
11.92 

5.52 
5.51 
8.33 
7.96 

4.04 
4.71 
2.81 
3.43 

9.56 
10.22 
11.14 
11.39 

10.98 
11.34 
12.04 
12.10 

9.89 

9.77 

9.80 

10.74 

10.42 

.04 
.57 
.55 
.03 
.41 

9.93 
10.34 
10.35 
10.77 
10.83 

11.56 
11.64 

8.31 
8.14 
8.06 

3.69 
3.88 
3.97 

12.00 
12.02 
12.03 

G 

15.77 
15.69 

4.94 
5.16 

20.71 
20.85 

20.52 
20.68 
20.74 
20.83 

15.68 

5.20 

20.88 

20.71 

9.60 

11.52 

21.12 

H 



i 

a  These  two  samples  were  not  completely  extracted. 
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Vn.  DISCUSSION  OF  RESULTS 

Although  the  method  of  Waters  and  Tuttle  is  No.  7,  it  has  been 
considered  advisable  to  discuss  it  first,  since  it  is  the  most  reliable 
and  accurate  method  we  have  found  for  the  determination  of  total 
sulphur.  The  reaction  proceeds  slowly  without  any  very  great 
evolution  of  heat  so  that  there  is  little  or  no  chance  of  losing  free 
sulphur.  Even  when  the  free  sulphur  is  very  high  the  method  is 
adequate  to  determine  it  with  accuracy.  A  large  number  of  deter- 
minations were  made,  and  the  results  are  concordant  and  agree 
with  the  calculated  results  in  samples  of  known  composition. 

The  Waters  and  Tuttle  method  has  been  in  use  at  the  Bureau 
of  Standards  for  a  number  of  years  and  during  that  time  has 
frequently  been  used  in  determining  the  total  sulphur  in  samples 
of  known  composition.  The  results  have  invariably  been  satis- 
factory even  when  obtained  by  comparatively  inexperienced 
analysts. 

The  methods  wnich  have  been  compared  in  the  course  of  this 
investigation  may  be  divided  into  two  classes,  viz,  those  for  the 
determination  of  the  total  sulphur  and  those  for  the  determination 
of  sulphur  other  than  that  present  in  the  insoluble  sulphates. 
They  may  be  further  classified,  according  to  the  method  of  attack 
employed,  as  follows:  Direct  solution,  direct  fusion,  and  solution 
and  fusion  methods. 

The  methods  which  have  for  their  object  the  determination  of 
sulphur  other  than  that  present  in  the  insoluble  sulphates  (Nos.  i , 
2,  3,  and  5)  attempt  to  separate  the  insoluble  sulphates  by  filtra- 
tion. Spence  and  Young,  Alexander,  and  Kaye  and  Sharp  filter 
from  an  acid  solution.  The  securing  of  correct  results  by  this 
method  is  based  upon  the  obviously  incorrect  assumption  that 
the  lead  sulphate  originally  present  would  remain  insoluble  while 
that  formed  from  the  litharge  would  be  completely  dissolved. 
Deussen  filters  from  an  alkaline  carbonate  solution,  but  this  pro- 
cedure is  open  to  the  objection  that  lead  sulphate  will  react  with 
sodium  carbonate  solution  with  the  formation  of  soluble  sodium 
sulphate.  It  is  apparent,  therefore,  that  such  methods  cannot 
give  reliable  results  since  the^r  basic  principles  are  faulty. 

Considering  the  methods  as  classified  according  to  the  mode  of 
attack,  we  find  that  the  direct  solution  methods  (Nos.  i  and  2) 
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employ  concentrated  nitric  acid.  The  use  of  this  reagent  in  the 
determination  of  the  total  sulphur  in  rubber  was  first  suggested 
by  Henriques,  and  many  investigators  have  shown  that  its  use 
gives  low  results,  probably  on  account  of  the  loss  of  free  sulphur. 
Even  when  the  sulphur  which  is  remaining  in  the  insoluble  residue 
is  included  with  that  in  the  filtrate,  the  sum  does  not  equal  the 
calculated  value. 

The  direct  fusion  methods  (Nos.  3,  4,  and  5)  give  results  which 
are  satisfactory  only  when  the  free  sulphur  content  is  relatively 
low.  In  view  of  the  results  obtained  by  the  other  fusion  methods 
it  was  not  considered  necessary  to  make  any  determinations  by 
the  Alexander  method.  The  reaction  between  rubber  and  sodium 
peroxide  often  proceeds  with  explosive  violence,  particularly  so 
when,  as  in  this  method,  the  sodium  peroxide  is  not  diluted  w^th 
some  less  active  flux.  The  more  important  points  have  been 
demonstrated  by  the  results  on  the  other  methods,  namely,  first, 
that  the  direct  fusion  may  give  low  results,  and  second,  that  the 
filtering  of  the  solution  of  the  melt  after  the  addition  of  acid  gives 
results  which  have  no  relation  to  the  sulphur  it  is  desired  to 
determine. 

Although  the  reaction  during  the  fusion  in  the  Kaye  and  Sharp 
method  is  not  attended  by  any  explosion,  the  results  show  that  it 
is  open  to  all  the  other  objections  which  have  been  made  above, 
hence  it  can  not  be  relied  upon  to  give  results  which  have  any 
significance. 

The  results  obtained  by  the  method  of  the  Joint  Rubber  Insula- 
tion Committee  (No.  4)  are  accurate  when  the  free  sulphur  is  low, 
as  it  is  in  insulation  compounds,  so  that  it  may  be  relied  upon  to 
do  all  that  this  committee  has  claimed  for  it.  This  has  been  also 
substantiated  by  the  work  of  the  analytical  committee  of  the 
Rubber  Section  of  the  American  Chemical  Society.^^  Whenever 
the  free-sulphur  content  is  high  our  results  indicate  that  this 
method  has  the  same  serious  defect  as  the  other  direct  fusion 
methods. 

The  methods  which  require  both  solution  and  fusion  yield  the 
most  satisfactory  results.  One  of  these  (the  Waters  and  Tuttle 
method)  has  already  been  referred  to.     The  Frank  and  Marckwald 

1^  J.  Ind.  and  Eng.  Chem.,  6,  pp.  514-518;  1914. 
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method  is  at  times  very  satisfactory,  but  unfortunately  it  does 
not  seem  reliable  with  large  amounts  of  free  sulphur.  The  reac- 
tion between  the  rubber  and  the  fuming  nitric  acid  is  at  times  very 
violent,  and  considerable  heat  is  evolved.  In  fact,  in  several  cases, 
by  adding  only  i  or  2  cc  of  the  acid,  the  heat  was  so  great  as  to 
cause  the  rubber  to  take  fire.  It  seems  probable  that  this  heating 
is  responsible  for  the  loss  of  sulphur  and  the  consequent  low  results. 

In  view  of  the  fact  that  the  free  sulphur  can  be  determined  by 
several  methods  (one  of  which  has  already  been  described)  with 
considerable  accuracy  in  the  acetone  extract,  and  since  this  deter- 
mination is  usually  made  in  analyses  of  vulcanized  rubber  goods, 
it  is  possible,  and  in  some  cases  may  be  convenient,  to  determine 
the  total  sulphur  by  adding  to  the  result  for  free  sulphur  the 
amount  found  in  the  residue  after  acetone  extraction.  Such  a 
method  would  have  the  advantage  of  first  removing  the  free  sul- 
phur, which  has  been  found  to  be  one  of  the  most  disturbing  fac- 
tors in  many  of  the  methods  for  the  determination  of  total  sulphur. 
Our  experience  indicates  that  accurate  results  can  be  obtained  by 
this  method. 

We  have  determined  the  sulphur  remaining  in  the  rubber  after 
the  acetone  extraction  by  the  Waters  and  Tuttle  method.  It  is 
more  than  possible  that  other  methods  will  be  equally  efficient. 

Vm.  OUTLINE  OF  THE  METHOD  ADOPTED  BY  THE  BUREAU  OF 

STANDARDS 

As  the  result  of  this  and  other  investigations  and  the  experience 
of  the  Bureau  of  Standards,  extending  over  some  years,  we  believe 
that  the  Waters  and  Tuttle  method  is  the  most  reliable  and  it  has 
been  adopted  for  use  in  the  routine  work  there.  The  determina- 
tion is  made  as  follows : 

Half  a  gram  of  rubber  is  placed  in  a  porcelain  crucible  of  about 
100  cc  capacity,  20  to  25  cc  of  concentrated  nitric  acid  which  has 
been  saturated  with  bromine  is  added,"  the  crucible  covered  and 
allowed  to  stand  for  one  hoiu*.  It  is  then  heated  gently  for  one 
hour,  after  which  the  cover  is  removed,  rinsed  with  a  little  distilled 
water,  and  the  solution  is  evaporated  to  dryness. 

Five  grams  of  fusion  mixture  (i-i  potassium  nitrate  and  sodium 
carbonate)  and  3  or  4  cc  of  distilled  water  are  added,  the  mixture 
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is  digested  for  a  few  moments  on  the  steam  bath  and  then  spread 
halfway  up  the  side  of  the  crucible  to  facilitate  drying.  The  dry- 
ing is  done  either  on  a  steam  bath  or  electric  hot  plate,  in  the  latter 
case  care  being  taken  to  avoid  spattering,  caused  by  possible  over- 
heating. When  dry  the  mixture  is  fused  over  a  sulphur-free  flame 
until  all  the  organic  matter  has  been  destroyed  and  the  melt  is 
quite  soft.  The  crucible  and  contents  are  cooled,  placed  in  a  600  cc 
beaker,  covered  with  distilled  water,  and  heated  on  the  steam 
bath  for  three  or  four  hours.  The  solution  is  then  filtered  and  the 
insoluble  matter  washed  thoroughly.  The  combined  filtrate  and 
washings  should  amount  to  about  500  cc.  About  7  or  8  cc  of 
concentrated  hydrochloric  acid  is  added,  the  beaker  covered,  and 
the  solution  heated  almost  to  boiling.  The  solution  is  now  tested 
and  if  necessary  made  slightly  acid  toward  Congo  paper;  if  the 
directions  have  been  followed  exactly,  there  should  be  a  slight 
excess  of  acid  present.  Ten  cubic  centimeters  of  10  per  cent 
barium  chloride  solution  is  added,  and  the  solution  is  allowed  to 
stand  overnight.  The  precipitated  barium  sulphate  is  filtered  off, 
and  ignited  over  a  small  Bunsen  flame,  care  being  taken  to  see 
that  the  filter  paper  does  not  inflame.  The  barium  sulphate  is 
calculated  to  sulphur  by  means  of  the  factor  0.1374. 

DC.  SUMMARY 

It  is  shown  that  the  methods  which  have  been  proposed  for  the 
determination  of  the  total  sulphur,  other  than  that  present  as 
insoluble  metallic  sulphates,  are  not  satisfactory. 

It  is  shown  that  loss  of  sulphur  is  likely  to  occur  in  the  direct 
fusion  methods,  and  this  loss  is  apt  to  increase  with  increasing 
free-sulphur  content. 

The  method  of  Waters  and  Tuttle  is  recommended  for  the  deter- 
mination of  total  sulphur.  This  method  is  accurate  and  compara- 
tively rapid,  and  has  given  satisfactory  results  in  the  hands  of  a 
number  of  analysts  over  a  rather  extended  period  of  time. 

A  new  suggestion  is  offered — namely,  to  determine  separately 
the  free  sulphur  and  the  sulphur  remaining  after  the  acetone 
extraction,  reporting  the  sum  of  the  two  quantities  as  the  total 
sulphm*.  This  procedure  eliminates  the  troublesome  effect  of  the 
free  sulphur  upon  the  determination  of  the  total  sulphur. 
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The  authors  wish  to  express  their  appreciation  of  the  many 
suggestions  made  by  Dr.  C.  E.  Waters,  of  this  Bureau,  and  of  the 
assistance  given  by  the  Voorhees  Rubber  Manufacturing  Co.,  of 
Jersey  City,  N.  J.,  in  permitting  us  to  make  up  some  compounds 
of  known  composition  in  their  factory. 

Washington,  December  i,  1914. 
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I.  INTRODUCTION 

Unsoundness  of  a  Portland  cement,  which  is  evidenced  with 
age  by  a  lack  of  cohesion  and  strength,  may  not  be  apparent 
for  weeks  or  months  after  the  cement  is  hydrated.  This  fact 
has  created  a  demand  for  an  accelerated  test  of  soundness,  in 
answer  to  which  a  large  number  of  such  tests  have  been  proposed. 
All  accelerated  tests  are  designed  to  hasten  the  action  of  any 
expansive  constituents  of  the  cement,  producing  thereby  evidence 
of  unsoundness  in  a  few  horn's  or  days. 

High-pressure  steam  as  a  means  of  determining  soundness 
apparently  was  first  advocated  in  1880  by  Dr.  Michaelas,  who 
procured  a  German  patent  ^  on  what  he  termed  a  boiling  test 

1  Tonindustrie  Zeitung,  1893,  p.  8. 
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at  higher  temperatures  in  which  the  cement  soundness  test  pieces 
were  subjected  in  a  steam-tight  vessel  to  steam  at  140°  C  to 
180°  C. 

Dr.  Erdmenger  also  advocated  this  test,  and  in  1881^  pub- 
lished a  description  of  his  method  of  testing  soundness  of  cement 
by  means  of  high-pressure  steam.  He  believed  originally  that  it 
was  the  magnesia  which  caused  unsoundness,  and  that  this  test 
detected  the  presence  of  magnesia  in  dangerous  quantities. 
Later,  however,  he  modified  this  opinion,  as  he  found  some 
cements  which  contained  very  little  magnesia  were  unsound 
when  exposed  to  high-pressure  steam,  while  some  cements  con- 
taining a  relatively  large  percentage  of  magnesia  were  found  to 
be  sound.  For  several  years  thereafter  Dr.  Erdmenger  advo- 
cated the  use  of  his  high-pressure  steam  test  in  which  he  em- 
ployed saturated  steam  at  from  3  to  40  atmospheres  pressure, 
and  used  pats,  briquettes,  and  expansion  bars  for  test  pieces  at 
various  times. 

It  is  the  general  opinion  that  the  primary  cause  of  unsoundness 
in  Portland  cement  is  attributable  to  the  presence  of  free  or 
loosely  combined  lime.  Recent  work  by  Phillips  and  Klein  ^  in 
confirmation  of  this  opinion  reveals  additional  facts  concerning 
the  action  of  free  lime  in  cement.  Their  conclusions  may  be  sum- 
marized as  follows: 

Free  lime  is  generally  noted  in  small  amounts  in  well-burned,  higher  limed 
cements  and  in  underburned,  lower  limed  cements.  On  hydration,  free  lime, 
according  to  its  fineness,  hydrates  as  crystalline  or  amorphous  calcium  hydroxide. 
The  disruption  in  cements  in  accelerated  tests  is  due  to  the  formation  of  the  crys- 
talline calcium  hydroxide.  Calcium  hydroxide  crystals  are  found  in  cement 
hydrated  under  normal  conditions,  but  are  not  as  large  in  size  as  those  found  in 
cement  subjected  to  high-pressure  steam. 

Since  there  is  no  chemical  means  by  which  the  percentage  of 
free  lime  in  cement  can  be  determined  and  the  identification  of 
this  constituent  by  optical  means  is  difficult  and  limited,  inves- 
tigators have  endeavored  to  find  an  economical  physical  test  that 
would  detect  the  presence  of  free  lime  in  its  dangerous  form 
where  it  is  liable  to  cause  disintegration,  cracking,  and  weakening 
of  the  cement. 

2  Tonindustrie  Zeitung,  1881,  Nos.  24,  25,  26,  and  27. 

3  Technologic  Paper  No.  42,  Bureau  of  Standards. 
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To  effect  the  quick  expansion  of  the  free  Hme  or  other  expan- 
sive constituents,  various  experimenters  have  employed  heat  and 
water  at  various  temperatures,  steam  at  atmospheric  pressure, 
and  steam  at  pressures  from  3  to  40  atmospheres.  Accelerated 
tests  may  also  be  divided  into  qualitative  and  quantitative  tests. 
In  qualitative  tests  the  unsoundness  of  the  cement  is  exhibited 
by  the  development  of  cracks,  the  warping  of  test  pieces,  or  their 
disintegration.  In  quantitative  tests  the  amount  of  expansion 
of  the  cement  or  the  effect  on  the  strength  of  the  cement  is  taken 
as  the  measure  of  the  unsoundness. 

In  191 2  Force  ^  recommended  the  use  of  a  high-pressure  steam 
test  and  in  191 3  issued  a  specification  which  prescribed  the  fol- 
lowing : 

Soundness — Force  Autoclave  Test 

Three  neat  briquettes  to  be  made  up  in  the  usual  manner  and  allowed  to  remain 
in  the  damp  closet  for  24  hours.  At  the  expiration  of  that  time  the  briquettes  are 
to  be  removed  from  the  molds  and  placed  in  the  autoclave,  sufficient  water  being 
added  to  partly  or  wholly  cover  the  briquettes.  The  autoclave  is  then  closed,  the 
burners  being  of  sufficient  size  to  raise  the  pressure  to  295  pounds  in  not  more  than 
one  hour.  The  pressure  of  295  pounds  shall  be  maintained  for  one  hour  longer, 
or  a  total  time  of  two  hours.  The  pressure  is  then  to  be  gradually  released,  the 
briquettes  taken  out  and  placed  in  the  moist  closet,  where  they  shall  be  allowed 
to  remain  for  one  hour.  At  the  end  of  that  time  they  are  to  be  broken  in  the  stand- 
ard cement  testing  machine  in  the  usual  manner.  The  average  tensile  strength  of 
the  three  briquettes  taken  from  the  autoclave  must  show  a  tensile  strength  of  not 
less  than  500  pounds  per  square  inch.  They  must  also  show  an  increase  of  not  less 
than  25  per  cent  over  the  average  tensile  strength  of  three  briquettes  broken  at  the 
end  of  24  hours.  A  bar  of  neat  cement,  6  inches  long  by  i  inch  square,  shall  be 
made  up  at  the  same  time  the  briquettes  are  made.  This  expansion  bar  to  remain 
in  the  moist  closet  for  24  hours  and  to  be  removed  along  with  the  briquettes  and 
tested  with  the  briquettes  in  the  autoclave,  p^  indicated  above.  After  one  hour 
in  the  moist  closet,  this  expansion  bar  shall  not  show  an  expansion  greater  than  one- 
half  of  I  per  cent. 

Several  railroads  and  other  corporations  adopted  this  test  into 
their  specifications,  which  brought  about  considerable  contro- 
versy between  its  advocates  and  the  cement  manufacturers. 
Many  of  the  cement  manufacturers  refused  to  furnish  cement 
upon  a  specification  which  included  this  test,  believing  the  test 
to  be  an  abnormal  one  not  in  any  way  measuring  the  relative 
soundness  or  cementing  value  of  Portland  cement  as  used  nor- 
mally in  concrete.     It  was  also  suggested  that  this  test  be  in- 

*  Engineering  News,  Jan.  13,  191 2. 
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eluded  in  the  United  States  Government  Specification  for  Port- 
land Cement. 

The  work  reported  in  this  paper  was  limited  to  a  physical 
investigation  of  the  use  of  high-pressure  steam  as  a  means  of 
determining  the  soundness  of  Portland  cement  both  as  a  quali- 
tative and  quantitative  test.  In  a  number  of  instances  the 
auxiliary  tests  are  not  as  complete  as  might  be  desired,  but 
they  are  of  interest  and  therefore  the  results  are  included. 

It  is  desired  to  thank  the  following  cement  companies  for 
furnishing  some  of  the  cements  used  in  these  tests  and  also  for 
their  active  interest  in  the  work:  Alpha  Portland  Cement  Co., 
Alpha,  N.  J.;  Atlas  Portland  Cement  Co.,  Northampton,  Pa.; 
Dexter  Portland  Cement  Co.,  Nazareth,  Pa.;  Edison  Portland 
Cement  Co.,  New  Village,  N.  J.;  Lehigh  Portland  Cement  Co., 
Ormrod,  Pa.;  and  Universal  Portland  Cement  Co.,  Universal,  Pa. 

Acknowledgment  is  also  made  to  the  Association  of  American 
Portland  Cement  Manufacturers  for  their  cooperation  in  obtain- 
ing the  samples,  the  chemical  division  of  the  Bureau  of  Standards 
for  the  chemical  analyses  of  cements,  and  to  G.  M.  Williams  for 
his  assistance  in  conducting  the  tests. 

II.  SCOPE  OF  INVESTIGATION 

The  investigation  reported  in  this  paper  was  made  to  establish, 
if  possible,  a  relationship  between  the  behavior  of  Portland 
cements  in  high-pressure  steam  and  their  physical  properties 
under  normal  conditions  of  use  and  exposure,  and  to  determine 
what  value,  if  any,  the  high-pressure  steam  test  has  as  a  means 
of  detecting  unsoundness  which  might  cause  a  weakening  or  dis- 
integration of  the  cement  or  concrete. 

III.  PROPERTIES  OF  MATERIALS  USED  IN  TESTS 

1.  CHEMICAL 

The  complete  chemical  analyses  of  the  cements  used  in  this 
investigation  are  given  in  Table  i . 

2.  PHYSICAL 

The  physical  properties  of  the  cements  are  given  in  Table  2, 
and  the  physical  properties  of  the  aggregates  used  in  the  concrete 
will  be  found  in  Table  3. 
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TABLE  1 
Chemical  analyses  of  cements 


Brand  of 
cement 

Lab.  No. 

Silica 

(Si02) 

Iron 

(Fe203) 

Alumina 

(AlaOs) 

Lime 
(CaO) 

Mag- 
nesia 

(MgO) 

Sulphuric 
anhydride 

(SO3) 

Loss  on 
ignition 

Insolu- 
ble 
residue 

Ai 

345-13 

20.94 

1.95 

7.01 

63.12 

3.52 

1  50 

2.15 

0.13 

A2 

406-13 

21.46 

2.10 

6.74 

62.10 

3.46 

1.52 

1.39 

.12 

Bi 

948-12 

21.24 

2.25 

7.67 

61.60 

3.00 

1.84 

1.42 

.73 

B2 

949-12 

20.48 

2.30 

7.70 

62.10 

2.85 

1.78 

1.96 

.68 

B3 

303-12 

20.79 

2.40 

7.64 

62.42 

2.98 

1.73 

1.02 

.32 

Ci 

1171-13 

20.52 

2.30 

7.00 

63.00 

3.04 

1.66 

2.01 

.35 

C2 

243-13 

21.12 

2.10 

7.36 

62.20 

3.22 

1.61 

1.33 

.67 

243a-13 

20.88 

2.45 

6.81 

62.62 

3.24 

1,66 

2.31 

.41 

C3 

397-13 

21.54 

2.25 

7.19 

61.62 

3.18 

1.64 

1.22 

.73 

398-13 

21.50 

2.45 

7.09 

61.72 

3.11 

1.64 

1.13 

.73 

C* 

1209-12 

20.96 

2.30 

7.20 

61.90 

3.13 

1.68 

2.50 

.45 

Di 

378-13 

21.66 

2.60 

5.84 

63.32 

2.63 

1.38 

1.40 

.60 

379-13 

20.20 

2.80 

7.12 

63.80 

2.70 

1.51 

1.78 

.42 

D2 

441-13 

19.86 

2.55 

7.39 

63.08 

2.83 

1.44 

1.84 

.18 

D3 

863-12 

20.12 

2.40 

7.46 

62.70 

3.34 

1.33 

2.85 

.79 

D< 

875-12 

20.24 

2.55 

6.95 

62.56 

3.26 

1.48 

2.81 

.18 

D5 

882-12 

20.04 

2.75 

6.81 

62.54 

3.25 

1.30 

2.77 

.19 

El 

312-13 

23.76 

2.40 

5.36 

62.86 

3.11 

1.33 

.68 

.35 

313-13 

23.66 

2.15 

5.51 

62.80 

3.21 

1.29 

1.54 

.58 

E2 

421-13 

22.14 

2.50 

6.56 

62.96 

3.00 

1.43 

2.03 

.19 

Fi 

459-13 

20.32 

2.80 

5.56 

62.76 

4.42 

1.63 

2.22 

.43 

F2 

178-92-12 

21.96 

2.15 

5.67 

64.50 

1.82 

1.19 

2,21 

Gi 

1079-12 

19.50 

2.50 

8.20 

64.42 

1.64 

1.55 

3.18 

.22 

G2 

1080-12 

19.56 

2.50 

8.10 

63.72 

1.70 

1.45 

2.95 

.30 

G3 

1460-1-12 

19.94 

2.40 

a  7.  92 

63.48 

1.60 

1.56 

2.42 

.87 

G* 

947-12 

20.00 

2.35 

7.83 

63.36 

1.99 

1.47 

3.51 

.73 

Qs 

1081-12 

21.64 

2.50 

6.42 

63.94 

1.80 

1.63 

1.72 

.19 

G6 

175-6-13 

19.54 

3.50 

6  7.92 

62.94 

1.54 

1.55 

2.02 

.25 

G^ 

442-13 

19.64 

3.07 

C8.31 

62.90 

1.35 

1.55 

2.48 

.35 

G8 

435-12 

20.04 

2.85 

d8.49 

63.06 

1.91 

1.56 

1.67 

.42 

HI 

532-12 

19.42 

7.35 

5.71 

63.36 

1.06 

1.25 

1.18 

.21 

H2 

901-12 

19.80 

7.73 

5.35 

63.22 

1.11 

1.29 

1.46 

.34 

p 

1208-12 
788-12 

21.16 
23.72 

2.35 
2.20 

6.23 
6.68 

64.26 
61.94 

3.62 
3.11 

1.60 
1.19 

.94 
.62 

.23 

K 

.37 

L 

774-12 
669-12 

25.84 
23.76 

.30 
.30 

6.46 
7.42 

61.76 
62.76 

1.34 
1.13 

1.75 
1.38 

1.74 
3.04 

.49 

M 

.85 

o  Contains  0.47  per  cent  of  Mn304. 
i>  Contains  0.61  per  cent  of  Mn304. 

97153°— 15 2 


c  Contains  0.64  per  cent  of  MnsOi. 
d  Contains  0.5  per  cent  of  Mn304. 
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TABLE  3 
Physical  Properties  of  Aggregates 


Weight 
per  cu- 
bic foot 
(pounds'. 

Specific 
gravity 

Per  cent 
of  voids 
com- 
puted 

Mechanical  analyses 

Aggregate  a 

Number 
of  mesh 

Opening 
in  inches 

Per  cent 
passing 

3 

0.263 

100.0 

4 

.185 

99.4 

6 

.131 

96.6 

8 

.093 

91.7 

10 

.065 

85.6 

14 

.046 

80.0 

Potomac  River  sand 

104 

2.66 

37.2 

20 

.0328 

71.0 

28 

.0232 

54.8 

35 

.0164 

37.9 

48 

.0116 

18.9 

65 

.0082 

9.3 

100 

.0058 

3.7 

150 
Screen 

(inches; 
2.0 

.0041 
2.0 

1.9 
100.0 

1.5 

1.5 

96.5 

Potomac  River  washed  graveJ 

104 

2.60 

35.8 

1.0 

1.0 

74.9 

.75 
.50 

.75 
.50 

59.8 
39.4 

.25 

.25 

13.4 

«  Both  aggregates  w^ere  composed  chiefly  of  silicious  material,  were  clean,  and  practically  free  from  clay 
or  loam. 

IV.  DESCRIPTION  OF  TESTS 

The  qualitative  high-pressure  steam  test  used  throughout  this 
paper  consists  of  subjecting  an  ordinary  soundness  pat,  which 
has  been  stored  for  24  hours  in  a  damp  closet,  to  a  steam  pres- 
sure of  300  pounds  per  square  inch  for  at  least  one  hour,  the  total 
time  in  the  high-pressure  boiler  being  three  hours.  A  cement 
was  said  to  pass  this  test  when  it  exhibited  no  cracking,  warping, 
or  disintegration  on  examination  after  the  treatment.  The  quan- 
titative high-pressure  steam  test  consists  of  molding  six  bri- 
quettes of  neat  cement  at  normal  consistency,  storing  these  test 
pieces  24  hours  in  a  damp  closet,  then  subjecting  three  of  them 
to  an  atmosphere  of  steam  at  300  pounds  pressure  for  at  least 
one  hour;  total  time  in  the  high-pressure  boiler  being  three  hours. 
The  briquettes  (both  treated  and  untreated)  are  then  broken  in 
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Fig.  la. — Neat  cement  prisons  after  storing  for  two  years  in  air  under  cover 

All  of  the  above  prisms  contained  cement  that  passed  the  standard  atmospheric  steam  test  but 
failed  in  high-pressure  steam  at  the  time  the  prisms  were  molded.  These  prisms  were  merely  stored 
in  air  and  never  treated  in  steam.  Note  the  warping  of  all  prisms  and  the  partial  disintegration 
of  one  prism  marked  5-378,  which  broke  in  handling 


Fig.  16. — Effect  of  high-pressure  steatn  on  7ieat  cement  ayid  mortar  briquets 

All  of  the  above  half  briquets  contained  cement  that  failed  in  the  high-pressure  steam  test.  Half 
briquets  on  the  left  are  composed  of  1:3  standard  sand  mortar.  The  one  on  the  extreme  left  has 
been  treated  in  steam  at  180  pounds  pressure  for  five  hours,  while  the  other  half  has  not  been 
treated.  Half  briquets  on  the  right  are  composed  of  neat  cement.  The  left  one  has  been  treated 
in  steam  at  180  pounds  pressure  for  five  hours,  while  the  extreme  right  one  has  not  been  treated  in 
steam 
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a  shot- testing  machine.  A  cement  was  said  to  pass  this  test 
when  the  treated  briquettes  exhibited  greater  strength  than  the 
untreated  ones.  Throughout  this  paper  cements  are  classified 
into  three  types,  respectively: 

(i)  A  cement  which  fails  to  pass  the  standard  atmospheric 
steam  test. 

(2)  A  cement  which  passes  the  atmospheric  steam  test  but  fails 
when  treated  in  high-pressure  steam. 

(3)  A  cement  which  passes  both  atmospheric  and  high-pressure 
steam  tests. 

1.  SOUNDNESS  TESTS 

Of  a  number  of  the  routine  samples  of  cement  of  various  brands 
received  in  the  Bureau  laboratory,  four  soundness  pats  were  made; 
one  was  stored  in  air  at  approximately  20°  C  (68°  F),  another 
placed  in  water  at  20°  C  (68°  F),  the  third  treated  in  steam  over 
boiling  water  at  atmospheric  pressure  for  five  hours,  while  the 
fourth  was  subjected  to  300  pounds  steam  pressure  for  at  least 
one  hour,  total  time  in  the  high-pressure  boiler  being  three  hours. 
The  results  to  date  show,  first,  that  all  the  type  i  cement  that 
failed  in  the  atmospheric  steam  test  also  finally  failed  as  a  neat 
cement  pat  stored  in  air,  although  they  were  sound  at  the  2 8 -day 
period;  and,  second,  that  some  of  the  cement  classified  as  type  2 
failed  in  air,  while  no  cement  of  type  3,  which  passed  the  high- 
pressure  steam  test,  failed  in  air.  With  one  exception,  all  pats 
stored  in  water  when  last  examined  were  sound.  The  cement 
which  failed  within  two  years  showed  some  warping  and  was  a 
type  2  cement.     (See  Fig.  la.) 

In  Table  2  the  results  of  the  routine  tests,  including  high- 
pressure  steam  tests  of  the  cements  used  in  the  strength  and 
linear  change  tests,  are  given. 

In  order  to  ascertain  what  proportion  of  the  cements  as  at  present 
manufactured  were  sound  after  exposure  in  high-pressure  steam, 
all  routine  samples  received  for  a  period  of  about  nine  months 
were  subjected  to  the  qualitative  high-pressure  steam  test,  and 
the  results  are  shown  in  Table  4  below.  The  qualitative  high- 
pressure  stearu  test  was  employed  because  the  amount  of  cement 
which   could  be   spared   for  these   experiments   was  necessarily 
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small.  The  effect  of  high-pressure  steam  on  neat  cement  which 
was  unsound  in  high-pressure  steam  and  one  to  three  mortar  of 
this  cement  is  shown  in  Fig.  i6. 

TABLE  4 
Results  of  Tests  of  Portland  Cement  in  High-Pressure  Steam 


Samples 
tested 

Samples 
sound 

Samples      Brands 
unsound       sound 

Brands 
unsound 

Brands  sound  at  one  time,  unsound  at  others 

564 

61  b 

438 

51 

126 
10 

35 
5 

16 

1 

ol 

a  These  brands  are  included  in  other  two  coltxmns. 

^  Wliite  Portland  and  natural  so-called  nonstaining  cements. 

In  order  to  determine  the  effect  of  a  small  amount  of  free  lime 
on  the  soundness  of  a  cement,  the  following  tests  were  made: 
Samples  of  chemically  pure  calcium  carbonate,  calcium  sul- 
phate, calcium  nitrate,  and  limestone  from  the  raw  material  taken 
at  a  cement  mill  were  ignited  in  a  vacuum  furnace  for  a  total 
time  of  from  two  to  two  and  one-half  hours,  the  maximum  tem- 
peratures of  1400°  C  and  1700°  C  were  maintained  for  at  least 
one  hour,  and  this  calcined  material  added  to  a  sound  cement  in 
two  proportions,  0.5  and  4  per  cent,  respectively.  The  results  are 
given  below  in  Table  5.  None  of  the  compounds  burned  at  either 
1400°  C  (2552°  F)  or  1700°  C  (3092°  F)  when  added  to  the  cement 
to  the  amount  of  0.5  per  cent  caused  unsoundness  even  in  high- 
pressure  steam.  It  is  observed  that  the  limestone  ignited  at 
1400°  C  and  added  to  the  amount  of  4  per  cent  to  a  sound  cement 
caused  it  to  disintegrate,  while  the  same  cement,  to  which  4  per 
cent  of  the  other  calcium  compounds  ignited  at  the  same  tempera- 
ture was  added,  was  sound  after  exposure  in  both  the  atmospheric 
and  high-pressure  steam  test. 


Valv£  of  High-Pressure  Steam  Test  of  Cement 
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Results  of  Soundness  Tests  of  Portland  Cement  to  which  Calcmed  Limestone,  Calcium 
Carbonate,  Sulphate,  and  Nitrate  were  added 


Compound  » 


1 

2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 


Temperature  to 

which  compound 

was  heated 


°C& 
1400 
1400 
1400 
1400 

1400 
1400 
1400 
1400 

1700 
1700 
1700 
1700 

1700 
1700 
1700 
1700 

1400 
1400 
1400 
1400 

1400 
1400 
1400 
1400 

1700 
1700 
1700 
1700 

1700 
1700 
1700 
1700 


Per  cent  of  ignited 

compound  added 

to  cement 


0.5 
0.5 
0.5 
0.5 

0.5 
0.5 
0.5 
0.5 

0.5 
0.5 
0.5 
0.5 

0.5 
0  5 
0.5 
0.5 

4 
4 
4 
4 

4 
4 
4 
4 

4 
2 
4 
4 

4 
2 
4 
4 


Treatment  of  pat 


In  steam  at  atmos- 
pheric pressure,  5 
hours. 

In  steam  at  300  pounds, 
1  hour;  total  time, 
3  hours. 

In  steam  at  atmos- 
pheric pressure,  5 
hours. 

In  steam  at  300  pounds, 
1  hour;  total  time, 
3  hours. 

In  steam  at  atmos- 
pheric pressure,  5 
hours. 

In  steam  at  300  pounds, 
1  hour;  total  time, 
3  hours. 

In  steam  at  atmos- 
pheric pressure,  5 
hours. 

In  steam  at  300  pounds, 
1  hour;  total  time, 
3  hours. 


Result  of 
treatment 


All  sound. 


All  sound. 


All  sotmd. 


All  sound. 

Sound. 
Sound. 
Sound. 

Sound. 
Sound. 
Sound. 

Sound. 

(*=) 

Sound. 

(<=) 
(0 


o  Compound  i,  calcium  carbonate;  compound  2,  calcium  sulphate;  compound  3,  calcium  nitrate;  com- 
pound 4,  limestone  from  raw  material  taken  at  cement  mill, 

*>  This  temperature  was  maintained  in  vacuum  furnace  for  at  least  i  hoiu*;  total  time  in  furnace  from  2  to 
2I4  hours. 

c  Completely  disintegrated  before  treating  in  steam. 
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2.  STRENGTH  TESTS 

A  series  of  mortar  strength  tests  were  made,  employing  nine 

different  samples  of  cement,  comprising  five  different  brands,  three 

of  these  being  of  cements  of  type  i ,  failing  to  pass  standard  atmos- 
pheric steam  test  and  the  high-pressure  steam  test  two  of  type  2, 

which  passed  in  the  atmospheric  steam  test  and  failed  in  the  high- 
pressm-e  steam  test,  and  four  of  type  3,  passing  the  high-pressure 
steam  test  and  the  atmospheric  steam  test.  The  mortar  was  com- 
posed of  one  part  cement  to  three  parts  standard  Ottawa  sand, 
by  weight,  mixed  at  a  consistency  corresponding  to  the  normal 
consistency  of  the  cement  used  and  molded  by  hand  in  brass 
molds.  Both  briquettes  and  2 -inch  cubes  were  molded,  and  the 
test  pieces  were  tested,  or  are  to  be  tested,  at  various  intervals 
up  to  10  years.  The  results  of  these  tests  up  to  the  present  time 
are  shown  in  Table  6  and  diagrammatically  in  Figs.  2  and  3. 
All  test  pieces  were  stored  in  air  except  where  noted. 

A  series  of  concrete  strength  tests  were  made  to  determine  the 
cementing  value  of  the  three  types  of  cements  as  normally  used 
in  concrete  mixtures  without  exposure  to  steam.  Eighteen  sam- 
ples of  cement  were  employed,  comprising  seven  different  brands, 
four  of  these  samples  being  of  type  i ,  seven  of  type  2 ,  and  seven 
of  type  3.  The  test  pieces  were  concrete  cylinders  8  inches  in 
diameter  by  16  inches  high.  The  concrete  was  composed  of  one 
part  cement,  two  parts  Potomac  River  sand,  and  four  parts 
washed  Potomac  River  gravel,  by  volume.  A  medium  consist- 
ency was  employed  containing  about  9  per  cent  of  water  and 
the  concrete  was  mixed  in  a  one-half -yard  cube  mixer  and  molded 
by  hand  in  steel  molds.  These  cylinders,  of  which  45  were 
molded  for  each  sample  of  cement,  were  tested,  or  are  to  be 
tested,  at  various  intervals  up  to  10  years.  All  test  pieces  were 
kept  in  a  damp  place  for  30  days,  and  then  stored  in  air  outdoors 
for  the  remaining  time  prior  to  testing.  Three  test  pieces  were 
tested  at  each  test  period,  and  the  modulus  of  elasticity,  together 
w4th  the  yield  point,  was  determined  on  at  least  two  of  the  cylin- 
ders of  each  set. 

The  results  of  the  concrete  strength  tests  to  date  are  shown  in 
Table  7  and  diagrammatically  in  Fig.  4. 
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A  study  of  the  effect  of  various  steam  pressures  on  cement 
passing  the  standard  steam  test  is  shown  in  Table  8.  This  table 
includes  the  results  of  tests  of  steam-treated  mortar  specimens 
two  days  old  (just  after  removal  from  steam  boiler),  and  similar 
results  of  tests  when  the  steam-treated  specimens  are  28  days 
old.  The  results  show  that  after  the  steam  pressure  has  been 
raised  to  100  pounds  there  is  practically  no  increase  in  strength 
due  to  storing  the  treated  test  specimens  for  an  additional  26 
days  in  water  before  testing.  The  maximum  tensile  strength  for 
this  cement  appears  to  have  been  attained  with  1 40  pounds  steam 
pressure. 

An  investigation  reported  in  Technologic  Paper  No.  5,^  which 
contains  the  results  of  tests  of  8  by  16  inch  mortar  and  concrete 
cylinders  exposed  to  steam  at  pressures  up  to  80  pounds  per 
square  inch  for  various  durations,  showed  that  this  treatment 
increases  the  compressive  strength  several  hundred  per  cent,  the 
maximum  strength  being  obtained  at  the  maximum  steam  pres- 
sure and  duration. 

5  The  Effect  of  High-Pressure  Steam  on  the  Crushing  Strength  of  Portland  Cement  Mortar  and  Concrete; 
Technologic  Paper  No.  5.  Bureau  of  Standards. 


Value  of  High-Pressure  Steam  Test  of  Cement 

TABLE  8 


23 


Eilect  of  Various  Steam  Pressures  on  Tensile  and  Compressive  Strength  of  1 :3  Port- 
land Cement  Standard  Ottawa  Sand  Mortar 


Cement* 

Steam 
pressure 
(lbs.  per 

sq.  in.) 

Tensile  strength 
(lbs.  per  sq.  in.) 

Compressive 

strength  (lbs.  per 
sq.  in.) 

48  hours 

28  days 

48  hours 

28  days 

A 

10 

20 

40 

60 

80 

100 

100 

100 

120 

140 

160 

180 

180 

180 

200 

275 

225 

118 

117 

115 

151 

195 

294 

381 

&514 

385 

410 

363 

362 

C369 

d398 

245 

«218 

/211 

261 
218 
190 
215 
260 
315 
366 
425 
358 
411 
355 
286 
C256 
d272 
288 
193 
219 

A 

1,915 
1,176 
1,750 
1,890 
3,397 

2,591 

A 

2,262 

A 

2,385 
2,178 

A 

A 

2,867 

A 

A 

A 

2,485 
2,965 
2,912 
3,198 
3,416 

2,353 

A 

2  537 

A 

2,327 
3  050 

A 

A 

3,079 

A 

B 

B 

B 

o  All  subjected  to  steam  at  stated  pressures  for  5  hours  unless  otherwise  noted.  Both  cements  A  and  B 
passed  the  standard  soundness  test.  All  test  pieces  placed  in  boiler  after  24  hours  in  damp  room.  Al 
values  are  the  average  of  3  test  pieces. 

b  Age,  7  days.     Under  pressure  at  100  pounds  for  15  hours. 

c  Two  periods  of  5  hours  each. 

d  Three  periods  of  5  hours  each. 

«  Exposed  to  one  period  of  5  hours  at  200  pounds  pressure  then  one  period  of  5  hours  at  275  pounds, 

/  Exposed  to  5-hour  periods  each  at  200  pounds,  275  pounds,  and  225  pounds  pressure. 

3.  LINEAR  CHANGE  TESTS 

Tests  were  made  on  a  large  number  of  cement  samples  of 
various  brands  and  comprising  the  different  types  of  cement  to 
determine  the  linear  change  occurring  in  these  cements  when 
stored  in  air,  water,  or  treated  in  high-pressure  steam.  The  test 
pieces  employed  were  i  by  i  by  13  inch  prisms,  and  in  most  of 
the  tests  they  were  composed  of  neat  cement  gaged  at  normal 
consistency.  For  the  first  24  hours  after  molding  all  test  pieces 
were  stored  in  a  damp  closet.     They  were  then  removed,  and 
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by  means  of  a  mounted  micrometer  reading  to  thousandths  of 
an  inch  the  original  reading  was  made.  All  the  molds  in  which 
the  test  pieces  were  made  were  approximately  13  inches  in  length, 
and  this  was  considered  the  original  length  by  which  all  changes 
in  length  were  divided  to  determine  the  per  cent  of  linear  change. 

The  results  of  the  tests  made  on  prisms  stored  in  air  and  water 
are  given  in  Table  9. 

The  effect  on  the  length  of  the  prisms  of  treating  them  in  high- 
pressure  steam  is  shown  in  Table  10.  Fig.  5  shows  one  of  these 
prisms  of  cement  unsound  in  high-pressure  steam  before  and 
after  exposure  to  steam. 

The  effect  on  the  length  of  these  cement  prisms  of  storing  them 
in  air  and  water  is  also  shown  in  Fig.  6.  While  the  results 
obtained  with  different  cements  overlap  a  good  deal,  it  is  evident 
that  there  is  a  tendency  for  the  type  3  cement  to  show  more  con- 
traction in  air  and  less  expansion  in  water  than  the  type  2  cement. 
This  would  indicate  that  the  type  2  cement  contained  a  certain 
amount  of  expansive  material,  which  in  time  tended  to  counteract 
the  effect  of  contraction  due  to  drying  in  air  and  added  to  the 
expansion  caused  by  immersion  in  water.  If  this  be  definitely 
established,  a  type  3  cement  would  be  less  desirable  than  a  type  2 
cement  in  ordinary  construction  work  exposed  in  the  air. 

Several  tests  were  made  to  determine  the  linear  change  which 
occurred  with  cements  to  which  sand  or  waterproofing  compound 
are  added.  To  one  cement  failing  in  the  high-pressure  steam 
test  an  equal  part  of  standard  Ottawa  sand  was  added  and  a  prism 
molded.  This  prism  was  then  subjected  to  180  pounds  steam 
pressure  for  five  hoinrs  and  the  linear  expansion  determined.  A 
similar  test  prism  containing  one  part  cement  to  two  parts  standard 
sand  was  molded  and  treated  in  high-pressure  steam.  It  was 
found  that  the  linear  expansion  of  the  i :  i  mortar  was  96  per  cent 
of  that  of  the  neat  cement,  and  the  i :  2  was  69  per  cent  of  that  of 
the  neat.  All  test  specimens  received  the  same  steam  treatment. 
To  one  cement  2  per  cent  of  an  integral  antipathetic  waterproofing 
compound,  composed  of  stearic  acid  and  lime,  was  added,  and  its 
effect  on  the  linear  change  of  test  prisms  stored  in  air  and  water 
was  studied.  The  results  show  that  the  presence  of  the  water- 
proofing compound  had  no  effect  on  the  linear  change. 
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Fig.  6. — Linear  change  of  neat  cement  prisms  stored  in  air  and  water  made  in  connection 
with  the  investigation  of  the  value  of  the  high-pressure  steam  test  for  Portland  cement 

Each  dot  represents  the  average  results  given  in  Table  9.     Test  pieces  i  by  i  by  13  inches  neat  cement 
prisms.     Linear  change  in  per  cent  of  original  length. 
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TABLE  10 


Summary  of  Linear  Expansion  Tests  of  Neat  Cement  Prisms  Treated  in  High-Pressure 

Steam 


Brand  of  cement 

Lab.  No. 

Type 
of  ce- 
ment o 

Test 
piece 

Age 
when 
treated 
(days) 

Steam 
pressure 
(lbs.  per 
sq.  in.) 

Periods 

in 
steam 

Total 
time 

in 
steam 
(hours) 

Linear 
expan- 
sion 
in  per 
cent  of 
original 
length 

Ai 

345-13 
406-13 

303-12 

948-12 

243-13 

397-13 
1209-12 

378-13 

2 
3 

2 

2 

3 

3 
3 

2 

3 

lor  2 
3 

11 

1 
2 

1 

62 

62 

3 

|i 

1 

li 

f    "^ 
cl 

cl 

d2 
d2 

[   '^^ 

1 
1 

1 

1 

5 

1 
2 
21 
1 
1 
1 
1 
4 

1 

2 
3 

11 

300 
300 

300 
300 

180 
180 
180 
275 
300 
300 
300 
300 
300 

300 
300 

100 
100 
100 
180 
100 
100 
100 

300 
300 

300 
300 

3 
3 

3 
3 

5 
5 
5 
5 

3 
3 
3 
3 

3 
3 

5 
5 
5 
5 
5 
5 
5 

3 
3 

3 
3 

1.88 

1.85 

Av.  1.86 

A2 

.13 

.13 

Av.    .13 

B3 

4.20 
4.40 

B» 

4.80 
4.20 
2  70 

C2 

.38 

CI 

.39 

.09 

14 

O 

Di 

5.45 

4.20 

Av.  4.  82 

D3 

.20 
.29 
.29 
.30 
.18 
.28 
.31 

312-13 
421-13 

El 

6.50 

10.80 

Av.  8.  65 

E2 

.12 

.12 

Av.    .12 

a  Seep.  II. 

6  Same  test  piece  was  treated  second  time. 

c  This  was  same  test  piece  subjected  to  steam  at  various  pressures  for  s  hours  each  time. 

<*  Same  test  pieces  tested  at  loo  pounds  steam  for  periods  of  s  hours  each. 
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Brand  of  cement 

Lab.  No. 

Type 
of  ce- 
ment a 

Test 
piece 

Age 
when 
trea.ed 

(days) 

Steam 
pressure 
(lbs.  per 

sq.  in.) 

Periods 

in 
steam 

Total 
time 

in 
steam 
(hours) 

Linear 
expan- 
sion 

in  per 
cent  of 
original 

length 

Fi 

459-13 

2 

1 
2 

1 
1 

300 
300 

1 
1 

3 
3 

(*) 

(*) 

'   /I 

1 

100 

1 

5 

.09 

/I 

2 

100 

2 

5 

.10 

/I 

3 

180 

3 

5 

.13 

F2. 

178-192-12 

3 

/I 
92 

6 

1 

180 
180 

5 

1 

5 
5 

.13 

.13 

92 

2 

180 

2 

5 

.14 

92 

3 

180 

3 

5 

.21 

92 

4 

180 

4 

5 

.31 

hi 

1 

100 

1 

5 

.06 

hi 

2 

180 

2 

5 

.07 

F3 

195-214-12 

3 

h  1 

5 

180 

4 

5 

.07 

7.2 

1 

180 

1 

5 

.09 

A2 

3 

180 

3 

5 

.11 

a 

1 

100 

1 

5 

.16 

F< 

251-60-12 

3 

il 
»1 

2 
4 

100 
180 

2 
4 

5 
5 

.15 

.16 

U 

7 

180 

6 

5 

.16 

G2 

1080-12 

2 

|1 

3 

1 

1 

300 
300 
300 

1 

1 
1 

3 

3 
3 

4.30 

G7 

442-13 

2 

5.92 

6.08 

G2 

1081-12 

3 

1 
1 

1 
1 
2 

300 
300 
180 

1 
1 
1 

3 
3 
5 

.  13 

Qi 

1079-12 

3 

.  12 

.10 

G8 

435-12 

3 

/I 

3 

7 

180 
180 

2 
6 

5 
5 

.  11 

.14 

HI 

532-12 

3 

Ki 

1 
2 

180 
180 

1 
2 

5 
5 

.05 

.14 

n 

1208-12 

3 

1 

4 

300 

1 

3 

.13 

<  Completely  disintegrated. 

/  Same  test  piece  tested  at  various  pressures  for  a  period  of  5  hours  each  time. 
9  Same  test  piece  tested  several  times  for  periods  of  5  hours  each  time. 
A  Same  test  piece  treated  several  times  for  a  period  of  5  hours  each  time. 
i  Same  test  piece  treated  several  times  at  various  pressures  for  periods  of  5  hours  each. 
i  This  test  was  made  after  this  cement  became  type  3.    Same  test  piece  treated  several  times  for  periods 
of  5  hours  each  time. 
*  Same  test  piece. 
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Linear  Expansion  of  Standard  Specification  Cement  and  Mortar  Treated  in  High- 
Pressure  Steam 


Brand  of 
cement 

Lab.  No. 

Type 
of  ce- 
ment 

Composition  of  test 
piece 

Age 
when 
treated 

(days) 

Steam 
pressure 
(pounds) 

Testing 
periods 

Total 
time 

in 
steam 

(hours) 

Linear 
expan- 
sion 
in  per 
cent  of 
original 
length 

j  303  to 
1  314-12 

}   ' 

[Neat 

1 
1 
1 

180 
180 
180 

1 
1 

1 

5 
5 
5 

4.7 

B« 

1:1  standard  sand . . . 
ll  :2  standard  sand . . . 

4.6 

3.3 

4.  RELATION   BETWEEN    FINENESS    OF    CEMENT   AND    SOUNDNESS   IN 

HIGH-PRESSURE  STEAM 

A  cement  passing  the  standard  fineness  and  soundness  tests 
but  showing  unsoundness  in  the  quahtative  high-pressure  steam 
test  was  separated  into  that  passing  the  No.  200  sieve  and  that 
retained  on  the  No.  200  sieve.  A  pat  was  made  of  the  cement 
passing  the  No.  200  sieve  and  treated  in  steam  at  300  pounds 
pressure  for  one  hour,  total  time  in  high-pressure  boiler  being 
three  hours,  and  when  examined  it  was  found  perfectly  sound.  A 
mixture  of  one  part  cement  passing  the  No.  200  sieve  and  one 
part  of  the  material  retained  on  that  sieve  was  then  made,  from 
which  a  pat  was  molded  and  subjected  to  the  qualitative  high- 
pressure  steam  test,  with  the  result  that  the  pat  completely  disin- 
tegrated under  treatment.  A  pat  containing  a  mixture  of  two 
parts  of  the  cement  passing  the  No.  200  sieve  and  one  part  of  the 
retained  material  was  similarly  tested  and  likewise  disintegrated 
in  high-pressure  steam,  but  the  disintegration  was  not  as  complete 
as  in  the  i :  i  mixture.  Further,  the  coarse  material  retained  on 
the  No.  200  sieve  from  a  cement  that  was  sound  in  the  qualitative 
high-pressure  steam  test  was  made  into  a  pat  and  exposed  to 
high-pressure  steam,  with  the  result  that  the  pat  completely  dis- 
integrated. This  same  cement  when  tested  as  received  by  the 
quantitative  high-pressure  steam  test  showed  a  25  per  cent 
increase  in  tensile  strength  for  the  treated  cement  over  the 
untreated.  Many  of  the  routine  cement  samples  that  passed  the 
high-pressure  steam  test  were  relatively  coarse  cements,  i.  e.,  only 
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75  to  80  per  cent  passing  the  No.  200  sieve.  One  cement  having 
79  per  cent  passing  the  No.  100  sieve  and  61  per  cent  passing  the 
No.  200  sieve  was  sound  in  the  high-pressure  steam  test. 

5.  EFFECT  OF  AGE  ON  THE  SOUNDNESS  OF  CEMENTS  THAT  ORIGINALLY 
ARE  UNSOUND  IN  HIGH-PRESSURE  STEAM  TESTS 

About  30  samples  of  cement,  all  sound  in  the  standard  atmos- 
pheric steam  test  but  unsound  in  the  qualitative  high-pressure 
steam  test,  were  stored  in  air-tight  glass  jars  and  re  tested  in  high- 
pressure  steam  at  various  intervals.  The  results  of  these  tests 
indicate  that  a  cement  originally  unsound  in  high-pressure  steam 
will  become  sound,  according  to  this  test,  in  from  two  to  six 
months.  On  some  of  the  cements  a  number  of  pats  were  made  at 
a  time  when  the  cement  was  unsound  in  high-pressure  steam. 
These  pats,  which  were  stored  in  both  air  and  water,  were  tested 
at  subsequent  intervals,  and  it  was  found  that  most  of  them 
passed  the  high-pressure  steam  test  after  storing  for  from  six 
months  to  one  year.  A  sample  of  one  cement  which  was  unsound 
in  the  standard  atmospheric  steam  test  stored  in  a  cotton  bag  in 
the  laboratory  became  sound  in  three  weeks;  stored  in  a  Mason 
jar  with  cover  tightly  screwed  on,  it  became  sound  in  four  months; 
and  sealed  in  a  glass  jar  from  which  the  air  was  exhausted,  it  was 
still  unsound  at  the  end  of  two  years. 

V.  SUMMARY 

The  general  soundness  tests  show  that  some  cements  mixed 
neat,  which  are  sound  according  to  the  standard  specification 
atmospheric  steam  test  and  unsound  after  exposure  in  high- 
pressure  steam,  exhibit  signs  of  unsoundness  when  stored  under 
normal  conditions  in  dry  air.  This  unsoundness  may  require  nine 
months  or  more  to  develop  where  the  test  pieces  are  of  neat 
cement. 

The  tensile  strength  tests  of  i :  3  mortar  fail  to  show  that  a  cement 
passing  the  high-pressure  steam  test  is  superior  in  cementing  value 
to  a  cement  which  does  not  pass  this  test  but  passes  the  standard 
specification  test.  The  briquettes  made  from  the  cement  unsound 
in  atmospheric  steam  do  not  show  inferiority  in  strength  to  those 
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made  of  sound  cement.  A  striking  feature  of  these  tests  at  the 
later  periods  is  the  high  value  attained  by  two  of  the  cements 
which  were  unsound  in  the  atmospheric  steam  test. 

The  compressive  strength  tests  of  1:3  mortar  in  2 -inch  cubes 
show  a  comparatively  low  strength  at  the  earlier  periods  for 
type  I  cement,  which  is  unsound  in  the  atmospheric  steam  test, 
and  a  high  strength  at  all  periods  of  type  3  cements  which  pass  the 
high-pressure  steam  test.  In  all  cases  where  several  samples  of 
the  same  brand,  some  classified  as  type  2  and  some  as  type  3 
cement,  the  test  pieces  which  contain  the  type  3  cement  give 
higher  strength  values  throughout. 

The  compressive  strength  tests  of  the  concretes  composed  of 
one  part  Portland  cement  to  two  parts  sand  and  four  parts  of 
gravel  show  a  superiority  at  the  earlier  periods  of  type  2  and 
type  3  cements,  which  are  sound  in  atmospheric  steam  and  high- 
pressure  steam,  respectively,  over  the  type  i,  which  is  unsound 
in  atmospheric  steam,  and  little  or  no  difference  in  strength 
between  type  2  and  type  3  cements  at  any  periods.. 

There  is  no  consistent  relation  existing  between  the  strength  of 
type  2  and  type  3  of  the  same  brand,  sometimes  type  2  being 
stronger  and  at  other  times  type  3  is  stronger.  There  is  a  large 
range  in  the  strength  of  samples  of  the  same  brand  received  at 
different  times  irrespective  of  the  type,  and  a  considerable  range 
in  the  different  brands  both  for  type  2  and  type  3.  It  was  noted 
that  cylinders  tested  in  the  winter  and  spring  months  consistently 
gave  lower  values  than  similar  cylinders  tested  in  the  summer  and 
fall,  but  no  explanation  can  be  offered  for  this  variation.  It  is 
interesting  to  note  that  one  of  the  cements  giving  one  of  the 
strongest  concretes  throughout  was  taken  from  a  delivery  rejected 
on  account  of  unsoundness  in  steam  and  is  a  type  i  cement. 

The  results  of  the  tests  of  linear  change  of  neat  cement  prisms 
of  both  type  2  and  type  3  cements  as  a  whole  show  no  difference 
that  could  be  attributed  to  the  type  of  cement  when  the  prisms 
are  stored  in  air  and  water.  There  is  more  variation  between  the 
different  brands  than  between  different  types  of  the  same  brand. 
However,  in  one  case  a  neat  cement  containing  type  2  cement 
(marked  D^)  at  four  months  began  to  expand  in  air  and  continued 
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to  expand  to  a  great  degree  up  to  the  last  period  measured.  This 
test  prism  also  began  to  warp  and  show  signs  of  disintegration. 
Several  of  the  other  prisms  containing  type  2  cement  showed 
some  warping,  but  no  prisms  containing  type  3  cement  exhibited 
any  warping  or  other  signs  of  unsoundness.     (See  Fig.  6.) 

The  treatment  of  neat  cement  prisms  in  high-pressure  steam 
showed  an  expansion  of  from  1.86  to  10.80  per  cent  for  type  2 
cement  (in  some  cases  the  prisms  completely  disintegrated) ,  while 
prisms  containing  type  3  cement  expanded  in  high-pressure 
steam  from  less  than  o.i  up  to  0.31  per  cent.  Increasing  the 
pressure  from  100  to  300  pounds  affects  the  amount  of  expan- 
sion of  the  prisms  but  little,  if  any.  The  addition  of  a  small 
amount  of  water-repellant  compound  to  the  cement  does  not 
affect  the  amount  of  its  change  of  length  when  stored  in  air  or 
water.  The  addition  of  sand  to  a  prism  containing  type  2  cement 
reduces  the  amount  of  expansion  in  high-pressure  steam  for  a 
I :  I  mortar  to  96  per  cent  of  that  of  the  neat,  and  for  a  i :  2  mor- 
tar to  69  per  cent  of  the  neat,  all  being  subjected  to  the  same 
high-pressure  steam  treatment. 

Seventy  per  cent  of  a  total  number  of  5 1  brands  of  cement  tested 
passed  the  high-pressure  steam  test. 

Of  cements  normally  unsound  in  the  standard  atmospheric 
steam  or  high-pressure  steam  test,  if  the  finer  sized  particles  are 
removed  and  tested  separately,  they  will  generally  be  found  more 
sound  than  the  original  cement  tested  in  the  same  manner,  and  in 
many  cases  they  will  be  found  entirely  sound.  Further,  if  the 
coarse  particles  of  a  cement  which  is  sound  after  exposure  in  high- 
pressure  steam  are  removed  and  tested  separately,  they  may  be 
found  to  be  unsound  in  this  test.  While  fineness  is  not  essential 
to  soundness,  it  appears  to  be  the  coarse  particles  of  a  normally 
unsound  cement  which  cause  the  expansive  action  and  the 
cracking  and  disintegration  of  the  pat. 

A  cement  originally  unsound  in  the  high-pressure  steam  test 
will  usually  be  found  sound  if  exposed  to  this  test  after  aging 
from  two  to  six  months. 

If  a  cement  which  will  not  meet  the  requirements  of  the  high- 
pressure  steam  test  is  mixed  with  water  and  formed  into  a  pat, 
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it  sometimes  becomes  sufficiently  sound  to  pass  the  high-pressure 
steam  test,  if  the  pat  is  stored  from  six  months  to  a  year  in  either 
air  or  water  prior  to  exposing  to  high-pressure  steam. 

The  maximum  tensile  strength  of  sound  cement  exposed  to 
steam  appeared  to  be  attained  at  a  pressure  not  exceeding  150 
pounds  per  square  inch;  but  this  may  vary  with  different  brands 
and  different  durations  of  the  steam  treatment.  Type  2  cement 
begins  to  fail  when  subjected  to  steam  at  a  pressure  as  low  as 
25  pounds. 

VI.  CONCLUSION 

1 .  The  high-pressure  steam  test  should  be  made  on  all  cements 
that  are  incorporated  in  cement,  mortar,  or  concrete  products 
that  are  to  be  cured  in  steam  at  pressures  above  atmospheric. 

2.  The  high-pressure  steam  test  may  be  of  value  as  forecasting 
the  behavior  of  neat  cement  or  a  very  rich  mortar  v/hen  exposed 
under  normal  conditions  in  dry  air,  but  it  will  not  forecast  the 
behavior  of  cements  in  concretes  as  normally  exposed. 

3.  The  cement  passing  the  high-pressiure  steam  test  is  not 
superior  in  cementing  quality,  as  determined  from  the  compres- 
sive strength  of  concretes,  to  cement  that  fails  to  pass  this  test. 

4.  The  cement  passing  the  high-pressure  steam  test  does  not 
make  more  permanent  or  durable  concrete  than  cement  which 
meets  the  requirements  of  the  standard  specification  but  fails  to 
pass  this  test. 

5.  Cement  failing  to  pass  the  standard  specification  atmos- 
pheric steam  test  but  meeting  the  other  requirements  of  the 
standard  specification  shows  in  some  instances  a  normal  strength 
in  concrete. 

6.  For  practical  work  under  normal  conditions  of  construction, 
the  results  of  this  investigation  fail  to  show  that  the  high-pressure 
steam  test  is  of  value  as  a  means  of  determining  the  ultimate 
soundness  of  concrete. 

Washington,  March  16,  191 5. 
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I.  INTRODUCTION— GENERAL  DISCUSSION  OF  ELUTRIA- 
TION  METHODS  IN  THE  MECHANICAL  ANALYSIS  OF 
CEMENT 

The  fineness  of  cement  is  one  of  its  most  important  and  at  the 
same  time  one  of  its  most  indefinite  characteristics.  Its  im- 
portance is  recognized  in  the  tendency  toward  higher  fineness 
requirements  in  cement  specifications  and  in  the  general  beUef 
that  the  finer  a  cement  is  ground  the  greater  its  cementing  value. 
Its  indefiniteness  is  due  to  the  almost  universal  method  of  deter- 
mining fineness  by  means  of  the  No.  100  and  No.  200  sieves.  The 
inadequacy  of  these  sieves  is  evident  when  one  considers  that  at 
least  75  per  cent  of  the  total  cement  is  required  to  pass  the  No. 
200  sieve.  It  is  also  well  known  that  a  considerable  portion  of  the 
cement  passing  the  No.  200  sieve  is  comparatively  inert  because 
the  larger  particles  in  this  portion  are  still  too  coarse  to  be  readily 
acted  upon  by  water. 

What  is  needed,  therefore,  is  some  means  of  determining  the 
amount  of  hydraulically  active  material  in  cement.  At  the 
present  time,  however,  we  do  not  know  what  size  of  particles 
should  be  regarded  as  the  upper  limit  of  active  material,  and  thus 
the  logical  mode  of  procedure  would  seem  to  be  first  to  develop 
some  method  of  separating  still  further  the  "fines"  from  the  No. 
200  sieve,  and  then  to  establish  a  dividing  line  between  inert  and 
active  particles. 

The  terms  "flour"  and  "impalpable  powder"  are  frequently 
used  to  designate  the  hydraulically  active  material.  It  is  believed 
preferable  to  limit  these  terms  to  that  very  fine  portion  of  cement 
beyond  the  finest  perceptible  grit,  which  probably  does  not  consti- 
tute all  of  the  hydraulically  active  material. 
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An  endeavor  has  been  made  at  the  Bureau  of  Standards  to 
develop  an  analyzer  capable  of  giving  a  mechanical  analysis  of 
that  portion  of  cement  passing  the  No.  200  sieve.  Such  an 
analysis  it  appears  can  best  be  made  by  elutriation  methods,  in 
which  the  desired  separations  are  accomplished  by  washing  or 
blowing  the  fine  material  from  the  coarse.  Two  types  of  apparatus 
need  thus  be  considered,  one  employing  a  liquid  and  the  other  a 
gas.  In  common  with  most  investigators  of  this  subject  we  believe 
that  a  gas  or  air  analyzer  is  particularly  adapted  to  cement  and 
possesses  distinct  advantages  over  the  liquid  type.  The  dis- 
advantages of  the  latter  appear  to  consist  largely  in  the  incon- 
venience of  recovering  the  separated  material  from  the  liquid  and 
the  difficulty  of  separating  the  very  fine  particles.  On  the  other 
hand,  the  liquid  type  is  probably  better  adapted  to  making  a 
number  of  separations  in  one  operation,  which  compensates  to 
some  extent  its  aforementioned  disadvantages.  While  our  own 
experience  is  limited  to  the  air  analyzer,  we  believe  that  either 
type  is  adapted  to  cement  analysis,  and  provided  certain  essential 
features  are  embodied  in  their  construction,  satisfactory  elutriators 
of  very  different  forms  and  dimensions  can  be  devised. 

Our  experience  has  indicated  that  the  most  important  factors 
in  elutriator  design  are: 

1 .  The  apparatus  should  instue  as  far  as  possible  a  constant  ve- 
locity and  uniform  stream  lines  in  the  fluid  as  it  passes  through 
the  separating  chamber. 

2.  The  fluid  should  not  be  appreciably  retarded  by  the  resistance 
of  the  material  under  examination  or  by  constrictions  or  obstruc- 
tions in  that  part  of  the  apparatus  beyond  the  separating  chamber 
unless  the  amount  of  such  retardation  can  be  determined  by  pres- 
sure gages  or  compensated  by  special  devices. 

3.  All  particles  of  the  material  should  be  completely  and  con- 
tinuously exposed  to  the  action  of  the  fluid,  so  that  any  which  are 
capable  of  passing  through  the  separating  chamber  may  have  every 
opportunity  to  do  so. 

4.  The  separating  chamber  should  have  no  places  of  lodgment 
for  material. 

5.  The  apparatus  should  be  capable  of  separating  fair- sized 
samples,  preferably  25  g.  or  more.     Thus,  representative  samples 
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are  more  nearly  insured  and  the  percentage  error  in  the  separations 
is  reduced. 

IMore  difficult  than  the  mere  design  and  construction  of  a  satis- 
factory elutriator  is  its  calibration  or  standardization.  The 
mechanical  analysis  involves  separations  in  terms  not  only  of  per- 
centages but  also  of  sizes,  and  the  determination  of  the  size  of 
very  small  and  irregularly  shaped  particles  can  be  most  readily 
accomplished  by  averaging  microscopic  measurements  on  a  large 
number.  Herein  lies  the  one  great  obstacle  to  the  furtherance  of 
elutriation  methods,  for  if  the  fineness  curves  of  different  cements 
are  to  be  at  all  comparable  the  sizes  of  separation  must  be  deter- 
mined with  considerable  accuracy.  It  is  not  sufficient  simply  to 
state  that  the  average  diameter  of  a  lot  of  particles  which  lie  on 
the  dividing  line  between  two  fractions  is  so  many  thousandths  of 
an  inch,  or  so  many  hundredths  of  a  millimeter,  but  it  is  necessary 
to  define  what  is  meant  by  the  diameter  of  an  irregular  particle, 
and  to  state  explicitly  how  the  diameters  are  measured.  For 
example,  if  the  diameters  of  a  number  of  particles  as  seen  in  the 
microscope  are  measured  in  one  direction  without  regard  to  their 
orientation  (which  is  perhaps  the  easiest  and  most  direct  method) 
the  average  diameter  so  determined  will  be  very  approximately  the 
mean  of  the  average  length  and  breadth  of  the  particles  as  seen  in 
the  microscope.  This  average  diameter,  however,  is  greater  than 
the  cube  root  of  the  product  of  the  average  length,  breadth,  and 
thickness  of  the  particles,  which  is  generally  taken  to  be  the  true 
mean  diameter  and  the  true  index  of  '*  size  "  in  the  sense  of  volume. 
But  the  measurement  of  three  diameters  of  microscopic  particles 
is  exceedingly  laborious,  and  the  most  one  can  expect  for  practical 
purposes  is  to  establish  some  reduction  factor  which  will  give  the 
true  mean  diameter  when  applied  to  the  simpler  measurements. 

Still  another  condition  enters  which  magnifies  the  differences 
in  these  systems  of  measurement:  The  separation  of  powders  by 
flotation  methods  obviously  depends  on  the  "floating  power"  of 
the  particles,  a  property  which  presumably  bears  as  close  a  relation 
to  shape  and  surface  condition  of  the  particles  as  to  their  actual  size 
and  weight,  and  we  may  therefore  anticipate  a  greater  range  in 
diameters  of  particles  so  separated  than,  for  example,  in  uniform 
sieve  separations. 
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II.  SCOPE  OF  THE  WORK 

The  chief  aim  of  the  work  in  developing  an  air  analyzer  for 
cement  at  the  Bureau  of  Standards  has  been,  first,  the  construc- 
tion of  an  apparatus  designed  on  the  principles  already  set  forth, 
and  second,  the  calibration  of  the  apparatus  in  such  manner  as 
to  give  reliable  mechanical  analyses. of  different  brands  of  cement. 
After  more  than  two  years'  investigation  sufficient  progress  has 
been  made  to  warrant  publication  of  the  results  thus  far  obtained, 
but  it  must  be  admitted  that  only  the  more  important  phases  of 
the  entire  problem  have  as  yet  been  considered.  The  present 
status  of  the  investigation  may  be  best  described  by  stating  that 
the  analyzer  is  capable  of  separating  cement  into  almost  any 
desired  fractions,  of  which  the  quantities  can  be  determined  with 
the  same  accuracy  as  those  obtained  by  sieving  and  the  sizes  of 
separation  can  be  determined  with  fair  accuracy  sufficient  for 
purposes  of  comparison. 

III.  REVIEW  OF  PREVIOUS  TYPES  OF  ELUTRIATORS  WHICH 
HAVE  BEEN  USED  OR  PROPOSED  FOR  THE  MECHANI- 
CAL ANALYSIS  OF  CEMENT 

A  cooperative  attempt  to  develop  a  standard  elutriator  for 
cement  was  undertaken  several  years  ago  by  a  committee  of  the 
International  Association  for  Testing  Materials.  The  problem  of 
this  committee  was  set  forth  as  the  "Determination  of  the  sim- 
plest method  for  the  separation  of  finest  particles  in  Portland 
cement."  Reports  of  progress  were  made  by  the  chairman  of 
the  committee  in  the  proceedings  of  the  association  for  1906,  1909, 
and  191 2,  and  these  reports  were  supplemented  by  papers  pre- 
sented by  members  who  participated  in  the  investigation.  In 
these  reports  and  papers  a  systematic  study  of  the  problem  has 
been  made,  and  in  them  will  be  found  a  more  complete  discus- 
sion of  several  of  the  types  of  apparatus  briefly  described  in  the 
following  paragraphs. 
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The  following  description  of  this  apparatus  (Fig.  i)  is  given  in 
the  reports  of  the  Brussels  Congress  of  the  International  Associa- 
tion for  Testing  Materials :  ^ 

It  consists  chiefly  of  two  tubes  R  and  r,  the  latter  inside  the  former.  The  outer 
zinc  tube  R  has  a  diameter  of  8  cm  and  is  closed  at  the  top  and  tapered  at  the  bottom. 
It  fits  air-tight  into  a  tapered  receptacle  in  which  the  cement  to  be  tested  is  placed. 
The  tube  r,  placed  inside  R,  is  carried  air-tight  through  the  cover  of  R  and  reaches 
as  far  as  the  narrowest  part  of  the  vessel  K.     The  end  piece  is  notched  so  as  to  pre- 


FiG.  I. — Goreham flourometer 

vent  the  narrow  space  between  the  two  tubes  from  being  choked  with  cement.  Tube 
R  carries  at  half  its  height  an  uptake  tube  which  ends  inside  a  large  receptacle  B. 
The  air  is  driven  through  the  inner  tube  from  an  aerometer  Wata,  fixed  pressure  and 
passes  through  the  notches;  then  it  strikes  against  the  tapered  sides  of  the  vessel  K 
and  stirs  up  the  cement,  of  which  the  receptacle  contains  about  40  grams.  The  flour 
is  carried  off  by  the  current  of  air,  and  the  greater  portion  settles  in  receptacle  B. 
At  the  end  of  the  test  the  cement  residue  is  weighed. 

This  apparatus  has  more  good  points  in  its  favor  than  a  num- 
ber of  later  types  and  is  to  be  recommended  especially  for  its  sim- 
plicity.    The  main  criticism  of  its  operation  would  appear  to  be 

1  Determination  of  a  Uniform  Method  for  the  Separation  of  the  Finest  Particles  in  Portland  Cement  by 
Liquid  and  Air  Processes.  Report  by  M.  Gary,  chairman  of  committee  30,  Brussels  Congress,  Int.  Ass'n 
Test.  Mat'ls,  1906. 
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a  considerably  retarded  air  stream  at  the  beginning  of  the  sepa- 
ration, the  air  flowing  more  freely  as  the  residue  diminishes.  A 
less  important  point  is  the  fact  that  the  "fines"  leave  the  sepa- 
rating chamber  R  from  one  side  of  the  latter  only,  whereas  the 
delivery  should  preferably  be  symmetrical  around  the  tube.  The 
latter  should  also  be  high  enough  to  avoid  the  removal  of  exces- 
sively heavy  particles  by  impulses  from  the  bottom. 

2.  THE  GARY-LINDNER  APPARATUS 

The  Gary-Lindner  apparatus  is  perhaps  the  best-known  elutri- 
ator  for  cements  that  has  been  devised,  and  its  description,  as 
given  hj  Gary,  one  of  its  inventors,  is  also  to  be  found  in  the 
International  Association  Reports  of  the  Brussels  Congress,  1906.^* 

This  apparatus,  which  also  depends  on  the  action  of  a  current  of  air,  but  arriving 
at  a  more  complete  granulation,  is  shown  in  Fig.  2.  It  consists  of  three  good-sized 
glass  tubes  a,  which  are  connected  with  each  other  and  which  end  in  glass  funnels. 
Small  glass  tubes  for  conveying  the  air,  and  extending  almost  to  the  bottom,  are  fused 
into  the  funnel  tubes.  Twenty  grams  of  the  powder  to  be  tested,  which  must  be 
thoroughly  dried  beforehand,  are  placed  in  the  first  funnel  /.  An  air  blast  at  a  pres- 
sure of  100  mm  (height  of  water)  is  then  blown  in.  The  air  pressure  for  each  funnel 
is  regulated  by  glass  cocks  and  is  read  off  on  a  U  gage.  The  funnels  /,  //,  and  /// 
come  successively  into  operation.  Finally  a  portion  of  the  powder  will  remain  in 
each  funnel,  and  the  flour,  which  arrives  as  dust  at  the  end  of  the  third  glass  tube,  is 
caught  in  the  receptacle  IV.  The  process  admits  of  a  granulation  of  four  fractions 
of  the  cement  powder,  which  are  not  separated  exclusively  with  regard  to  the  size 
of  the  grains,  but  nevertheless  show  relative  characteristic  differences. 

Fig.  3  is  a  photograph  of  one  of  the  Gary-Lindner  separators, 
which  gives  a  somewhat  better  idea  of  its  proportions.  Our 
experience  with  this  apparatus  bore  out  the  experience  of  others 
who  had  tried  it  in  this  country  in  that  we  were  unable  to  obtain 
satisfactory  separations.  Perhaps  better  results  might  have  been 
obtained  if  detailed  instructions  had  been  available  for  the  oper- 
ation of  the  apparatus,  but  after  some  study  of  its  behavior  we 
became  convinced  that  this  type  of  elutriator  was  not  adapted  to 
quantitative  separations.  By  referring  to  the  essential  features 
of  a  satisfactory  elutriator  enumerated  on  page  5,  it  will  be  seen 
that  the  Gary-Lindner  separator  fails  particularly  in  the  foiu'th 
requirement,  and  to  some  extent  in  the  first  and  second.  Blown 
material  is  certain  to  lodge  at  the  junctions  of  the  tubes  a,  for  it 

i»  See  note  i,  p.  8. 
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is  practically  impossible  to  avoid  shelves  at  these  points,  and  the 
inclined  tube  connecting  with  the  vessel  IV  will  effectually  pre- 
vent any  pure  separation  of  material  to  the  right  and  left  of  this 
point.  It  has  been  our  experience  that  any  departure  from  the 
vertical  in  the  walls  of  the  separating  tubes  is  an  undesirable  fea- 
ture, tending  to  destroy  the  purity  of  the  separations  and  adding 
to  the  difficulties  of  keeping  the  apparatus  clean. 

3.  CUSHMAN  AND  HDBBARD»S  AIR  ELUTRIATOR 

This  apparatus  was  designed  primarily  for  the  separation  of  rock 
powders,  and  is  described  in  the  Journal  of  the  American  Chemical 
Society  for  1907.^ 
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Fig.  4. — Cushman-Hubbard  elutriator 


The  apparatus  consists  of  five  percolating  jars  set  in  a  wooden  frame  and  connected 
by  tubes  of  glass  passing  through  close-fitting  caps  tightly  clamped  to  the  jar  tops,  as 
shown  in  Fig.  4.  The  first  jar  is  of  3  gallons  capacity,  the  second  2  gallons,  and  the 
third,  fourth,  and  fifth,  each  i  gallon.  In  the  bottom  of  No.  i  is  placed  a  flat  spiral 
tube  closed  at  one  end  but  with  a  number  of  very  small  openings  through  small  jets 
soldered  into  the  upper  surface  of  the  spiral  at  an  angle  of  about  30°.  The  open  end 
of  the  spiral  passed  through  a  tightly  fitting  rubber  stopper  inserted  in  the  neck  of 
the  jar  and  is  connected  to  the  source  of  air  supply.  Ajti  inverted  funnel  tube  whose 
stem  passes  through  another  rubber  stopper  fitted  in  the  cap  at  the  top  of  the  jar  is 
connected  to  a  glass  tube  which  passes  in  a  similar  manner  nearly  to  the  bottom  of 
No.  2.     An  inverted  thistle  tube  connects  No.  2  with  No.  3  in  like  manner,  and  so 


*  Cushman  and  Hubbard,  Air  Elutriatiou  of  Fine  Powders,  Jour.  Am.  Chem.  Soc,  29,  p.  589,  1907. 
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on  through  Nos.  3  and  4,  the  exit  tube  of  No.  5  being  connected  to  a  vacuum.  It  is 
possible  to  tie  pieces  of  fine  linen  lawn  over  the  mouths  of  the  inverted  thistle  tubes, 
but  in  our  own  work  this  has  not  been  done  except  in  the  final  exit  in  No.  5.  Rubber 
stoppers  close  the  necks  of  the  jars  and  are  removed  only  when  it  is  desired  to  draw 
off  the  charges  of  powder  which  have  accumulated  during  a  ran.  A  charge  of  oven- 
dried  powder  not  exceeding  i  kg  is  placed  in  jar  No.  i.  Blast  and  vacuum  are  then 
turned  on  and  adjusted  so  that  a  steady  stream  of  air  passes  through  the  powder  with 
sufficient  force  to  raise  a  dense  white  cloud  which  assumes  a  vortex  motion  as  it 
ascends,  owing  to  the  arrangement  of  the  air  jets.  The  heavier  particles  continually 
fall  in  a  ring  near  the  walls  of  the  vessel,  where  they  build  up  until  caved  in  by  the 
air  jets,  while  the  lighter  particles  are  carried  into  No.  2  through  the  funnel  tube. 
Here  the  heavier  portions  are  retained  while  the  lighter  pass  into  No.  3,  and  so  on, 
the  cloud  in  each  succeeding  jar  becoming  less  dense.  If  properly  adjusted  there  is 
but  little  loss  in  No.  5,  although  the  powder  here  is  so  fine  that  no  trace  of  grit  can 
be  noticed  when  it  is  placed  between  the  teeth. 

The  Cushman  and  Hubbard  elutriator  was  used  mainly  to  give 
only  very  rough  quantitative  separations  of  powders  and  is  obvi- 
ously incapable  of  the  pure  separations  which  are  required  for  the 
mechanical  analysis  of  cement.  Even  if  the  principle  of  this 
elutriator  could  be  adapted  to  making  a  number  of  separations  in 
one  operation,  the  order  of  the  separating  jars  must  evidently  be 
from  small  to  large,  since  the  accumulation  of  successive  residues 
composed  of  smaller  and  smaller  particles  must  depend  upon 
diminishing  rather  than  increasing  air  velocity  through  the  system. 
The  chief  difficulties  to  be  overcome  in  the  construction  of  such 
an  apparatus  are  the  avoidance  of  places  of  lodgment  for  material 
in  the  tubes  connecting  the  separating  chambers  and  an  adequate 
control  of  the  air  flow  in  all  parts  of  the  system. 

4.  THE  PETERSEN  APPARATUS 

This  apparatus  is  a  modified  form  of  Schone's  levigating  funnel, 
originally  used  with  liquids,  but  adapted  for  and  used  with  air 
by  Petersen  in  his  cement  investigations.^  A  diagram  of  the 
essential  parts  of  the  apparatus  is  shown  in  Fig.  5  and  its  descrip- 
tion is  quoted  below : 

The  air  enters  at  a,  passes  through  the  cockpiece  h,  the  rubber  tube  d,  the  bent 
glass  tube  e,  and  the  rubber  tube/,  up  into  the  funnel  T,  where  the  levigation  takes 
place.  The  cockpiece  is  situated  at  the  lateral  tube  with  the  cock  c  in  connection 
with  the  pressure  gage  m.     The  sections  of  the  tubes  b  and  c  are  of  the  same  diameter 

3  Determination  of  the  Simplest  Method  for  the  Separation  of  the  Finest  Particles  in  Portland  Cement  by 
Liquid  and  Air  Processes.  Appendix  to  the  committee's  report,  M.  Petersen,  5th  Cong.  Int.  Ass'n  Test. 
Mat'ls,  Copenhagen,  1909. 
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as  the  clear  opening  in  the  corresponding  glass  tubes,  so  that  the  air  meets  with  no 
resistance.  By  means  of  the  cock  b  the  air  current  can  be  effectually  and  quickly 
cut  off,  when  the  residue  is  removed  from  the  funnel  after  the  levigation.  Oil  of 
turpentine,  which  is  sufficiently  mobile,  is  applied  in  the  pressure  gage.  The  air 
ciurent  required  for  the  experiments  is  produced  by  means  of  a  centrifugal  blower 
which  is  placed  in  connection  with  the  cockpiece  h  by  means  of  a  rubber  tube.  A 
slide  valve  is  inserted  directly  in  front  of  the  rubber  tube,  by  means  of  which  the 
air  current  can  be  regulated  so  that  a  constant  height  of  pressure 
can  be  maintained  in  the  pressure  gage. 

Elsewhere  in  the  above  paper  a  device  is  de- 
scribed for  introducing  the  sample  of  cement  into 
the  top  of  the  separating  funnel,  and  another  for 
testing  the  purity  of  the  separations,  but  no  men- 
tion is  made  of  a  dust  collector  of  any  sort.  If  the 
top  end  of  the  separating  tube  was  left  open  during 
the  coiu'se  of  the  experiments,  the  apparatus  v*^as 
certainly  in  its  best  working  condition,  except  for 
the  practical  disadvantage  of  exposing  everything 
in  the  immediate  neighborhood  to  the  settling  dust. 
Only  5  g  of  cement  constituted  a  charge,  however, 
an  amount  which  yields  a  proportionately  small 
quantity  of  dust,  but  the  charge  is  undesirably 
small  for  two  reasons.  The  first  is  that  samples 
of  this  size  may  not  represent  the  true  average 
granular  composition  of  the  cements  as  a  whole, 
and  second,  very  small  errors  in  determining  the 
residues,  either  from  accident  or  from  micertainty 
in  the  stopping  point  of  the  operation,  which  in 
our  experience  must  be  determined  by  the  rate 


Fig.  5. — Petersen 


apparatus 

of  loss  and  not  by  the  duration  of  the  experiment,  will  be  rela- 
tively large  when  expressed  in  percentages.  Another  objection 
to  this  ''  up-blast "  type  of  elutriator  is  the  tendeficy  of  the  cement 
to  choke  in  the  throat  of  the  separating  funnel,  which  causes  fluc- 
tuations of  considerable  magnitude  in  the  air  pressure  of  the  sup- 
ply and  requires  automatic  regulation  of  the  latter.  Petersen 
states  that  on  this  account  he  was  unable  to  use  more  than  5  g  of 
cement  in  his  analyses. 

Whether  the  residue  in  the  funnel  be  large  or  small,  it  is  always 
being  lifted  by  the  incoming  air  stream,  and  consequently  exerts 
more  or  less  retardation  upon  the  air  delivery,  even  if  the  pres- 
sure of  the  supply  be  automatically  regulated.     Theoretically, 
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then,  the  retardation,  and  consequently  the  velocity,  of  the  air 
through  the  separating  chamber  is  dependent  on  the  amount  of 
residue  left  in  the  funnel;  that  is,  it  may  be  different  for  different 
cements,  even  though  the  air  supply  be  maintained  at  constant 
pressure.  This  reduction  in  air  delivery  may  or  may  not  be  neg- 
ligible, depending  on  the  amount  of  cement  used,  the  sharpness  of 
the  cone  of  the  separating  funnel,  and  the  normal  air  pressure 
used  in  the  experiments,  but  it  can  hardly  be  disregarded.  Peter- 
sen may  have  included  this  effect  in  his  term 
''choking,"  but  it  should  be  distinguished  from 
the  peculiar  behavior  of  the  cement  which  is  fre- 
quently observed  when  a  sample  too  large  for 
the  air  stream  to  handle  readily  is  first  intro- 
duced into  an  elutriator  of  this  type.  When 
the  operation  is  proceeding  properly,  the  whole 
mass  of  cement  quivers  and  "  teeters  "  as  the  air 
passes  through  it,  gradually  removing  the  fine 
dust.  Very  frequently,  however,  the  cement 
lodges  in  the  cone,  the  air  forces  an  open  "  pipe  " 
up  through  it  and  blows  freely  through  the  sepa- 
rating funnel,  leaving  the  cement  undisturbed  in 
the  bottom.  Continual  tapping  of  the  funnel, 
shutting  off  and  turning  on  the  air  supply,  and 
other  means  must  be  resorted  to  of  coaxing  the 
cement  into  action.  This  contrary  behavior  of 
cement  is  well  known  to  those  who  have  worked 
with  the  Petersen  type  of  apparatus,  and  it  con- 
stitutes one  of  the  chief  objections  to  the  ''up-blast"  elutriator, 
for  it  is  a  difficulty  which  increases  enormously  with  the  fineness 
of  the  separation. 

5.  THE  GRIFFIN-GOREHAM  STANDARD  FLOUROMETER 

This  apparatus  is  described  in  a  number  of  treatises  on  Portland 
cement,  the  following  description  being  taken  from  R.  K.  Meade's 
Portland  Cement :  * 

This  apparatus  consists  of  two  parts,  an  aerometer  or. blower  and  the  apparatus 
proper,  or  flourometer.  The  blower  consists  of  the  customary  bell  and  water  tank 
and  is  merely  used  to  fiunish  a  constant  supply  of  air  to  the  apparatus.  The  flour- 
ometer itself  (Fig.  6)  consists  of  a  long  brass  tube  T,  resting  upon  a  stand.     The  sepa- 

«  Portland  Cement,  by  R.  K.  Meade,  2d  ed.,  512  pp.    The  Chemical  Publishing  Co.,  Easton,  Pa.     19" 


Fig.  6. — Griffin-Gore- 
ham  flourometer 
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ration  of  the  coarse  and  fine  particles  takes  place  in  this.  The  tube  is  surmounted 
by  a  double-walled  dome  W,  covered  with  a  top  C.  The  walls  of  this  dome  are  perfo- 
rated, and  the  spaces  in  between  them,  W,  are  filled  with  cotton.  This  serves  to  catch 
all  dust  and  prevents  it  being  blown  into  the  laboratory.  The  lower  part  of  the  brass, 
tube  T  terminates  in  a  cone-shaped  brass  casting  F,  which  rests  upon  the  stand.  A 
three-way  stopcock  provided  with  a  pointer  to  show  the  direction  of  the  opening  is 
placed  at  the  lower  end  of  the  cone  and  beneath  this  a  glass  tube  R,  which  serves  to 
catch  the  coarse  particles.  The  sample  of  cement  should  be  dried  for  an  hour  at  110°. 
The  pointer  of  the  stopcock  should  be  at  right  angles  to  the  brass  tube  T.  The  tube 
T  is  removed,  and  about  i  gram  of  the  cement  is  then  introduced  into  the  funnel  F. 
The  bell  of  the  aerometer  is  now  raised  to  its  full  extent  and  the  air  pressure  noted. 
The  pointer  of  the  stopcock  is  next  turned  parallel  with  the  tube  and  the  air  allowed 
to  blow  through  the  apparatus  for  10  minutes.  At  the  end  of  this  time  the  air  pres- 
sure is  turned  off,  when  the  coarse  particles  from  which  the  cement  has  been  sepa- 
rated drop  into  the  receptacle  R.  This  residue  is  weighed,  and  the  difference  of 
course  is  flour. 

A  Griffin-Goreham  flourometer  was  purchased  by  the  Bureau 
when  the  work  in  air  analysis  was  first  taken  up,  and  the  results 
of  experiments  with  this  apparatus  led  us  to  believe  that  a  greater 
range  in  separations,  as  well  as  better  control  of  the  entire  process, 
was  desirable.  The  flourometer  serves  the  purpose  of  illustrating 
in  a  simple  manner  the  principle  of  air  analysis  of  cements;  aside 
from  this  its  usefulness  is  limited.  In  passing  it  may  be  pointed 
out  that  all  the  objections  which  have  been  brought  forward  to 
the  Petersen  apparatus  apply  in  even  greater  degree  to  the  Griffin- 
Goreham  flourometer,  and  the  latter  was  soon  discarded  in  our 
laboratory  in  favor  of  a  more  suitable  design. 

6.  THE  THOMPSON  CLASSIFIER 

An  elutriator  using  kerosene  has  been  constructed  by  G.  W. 
Thompson  for  the  study  of  paint  pigments.  The  apparatus  has 
also  been  used  to  some  extent  for  cement  analysis  and  was  de- 
scribed in  a  paper  before  the  American  Society  for  Testing  Ma- 
terials in  1910.^ 

The  plan  of  the  Thompson  classifier  is  shown  in  Fig.  8,  the 
principle  of  its  operation  depending  on  a  flow  of  kerosene  at 
constant  head  into  the  upper  cone,  the  overflow  passing  successively 
into  the  larger  cones  below.  The  material  under  examination  is 
first  dift^used  in  kerosene  so  that  the  particles  are  completely 

5  The  Classification  of  Fine  Particles  According  to  Size,  G.  W.  Thompson;  Proc.  Amer.  Soc.  for  Test. 
Mat'ls,  10,  p.  601;  1910. 
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separated  and  transferred  into  the  upper  cone.  The  glass  tube 
supplying  the  kerosene  for  the  separation  is  then  lowered  into  the 
cone  until  it  nearly  touches  the  apex,  and  the  current  is  started. 
The  operation  is  then  practically  automatic  until  the  classification 
is  completed.  At  the  end  of  the  operation  the  residue  in  each  cone 
is  washed  into  clock  glasses  with  kerosene,  allowed  to  settle,  de- 
canted, and  washed  two  or 
three  times  with  ether.  It  is 
then  dried  and  weighed. 

The  Thompson  classifier 
possesses  the  distinct  ad- 
vantage of  making  several 
separations  in  one  operation, 
a  time-saving  feature  which 
has  not  yet  been  successfully 
introduced  into  any  type  of 
air  separator.  On  the  other 
hand,  certain  disadvantages 
suggest  themselves,  which 
can  only  be  established  as  de- 
cided objections  when  more 
data  are  available.  It  has 
been  shown,  for  example, 
that  the  separations  of  pig- 
ments by  this  apparatus  are 
not  wholly  reliable,  owing 
either  to  their  incomplete 
diffusion  in  the  liquid  when 
first  introduced  into  the  up- 
per cone,  or  their  tendency  to 


Fig.  8. — Thompson  classifier 


agglomerate  in  some  later  stage  of  their  preparation  for  micro- 
scopic examination.  There  appeared  to  be  less  of  this  difficulty, 
however,  with  certain  siliceous  and  crystalline  materials,^  and  it 
is  possible  that  cement  would  be  free  from  this  objection.  Another 
feature  of  this  apparatus  which  may  have  a  considerable  effect  on 
the  purity  of  the  separations  is  the  possibility  of  irregular  currents 
in  the  cones.     The  rise  of  the  liquid  in  all  the  cones  takes  place  with 


«  Report  of  Subcommittee  J  of  Committee  D-i  on  the  Testing  of  White  Paints,  P.  H.  Walker,  chaiman; 
Proc.  Amer.  Soc.  Test.  Mat.,  13,  pp.  406-447;  1913. 
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rapidly  diminishing  speed,  until  at  the  point  of  overflow  all  vertical 
components  of  the  flow  have  disappeared.  It  is  almost  inconceiv- 
able, therefore,  that  there  should  be  uniform  stream  lines  in  the 
cones,  in  consequence  of  which  the  sizes  of  separation  must  be  less 
sharply  defined  than  it  would  be  possible  and  desirable  to  have 
them.  But  it  is  impossible  to  state  how  serious  this  objection 
may  be  in  cement  analyses.  From  our  experience  we  should 
anticipate  that  even  if  fractions  showing  satisfactory  quantitative 
agreement  could  be  obtained  in  repeated  trials,  the  determination 
of  the  size  of  separation  would  be  more  or  less  uncertain. 

7.  FERET'S  AIR  SIFTER 

This  apparatus  is  the  same  in  principle  as  Petersen's  apparatus 
and  is  described  in  a  paper  by  R.  Feret  before  the  Sixth  Congress 
of  the  International  Association  for  Testing  Materials,  New 
York,  1912.^ 

The  paper  is  devoted  to  a  theoretical  study  of  an  apparatus 
represented  diagrammatically  in  Fig.  9,  which  is  explained  by 
the  following  excerpt: 


H, 


Fig.  9. — Feret' s  air  sifter 

^  is  a  recipient  in  which  air  is  maintained  at  a  constant  pressure ;  it  communicates 
by  a  tap  B,  with  a  system  of  pipes  C  E,  which  lead  the  air  into  the  sifting  chamber 

^  Air  Sifting  as  a  Method  for  the  Quantitative  Determination  of  the  Finest  Particles  Contained  in  Pul- 
verulent Materials  R.  Feret;  Proc.  I.  A.  T.  M.,  Sixth  Congress,  Section  II,  XV2,  1912. 
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proper  T,  where  the  separation  between  two  consecutive  classes  of  grains  takes  place, 
the  air  escaping  to  the  atmosphere  through  the  pieces  L  M  N .  D  represents  a  device 
which  may  be  placed  in  front  of  the  separator  T,  in  which  the  carrying  off  of  the 
grains  is  to  be  ascertained,  and  consisting,  for  example,  of  a  drying  column  and  other 
separators.  N  represents  all  the  various  pieces  of  the  apparatus  in  the  rear  of  the 
separator  T,  such  as  further  separators  and  receivers  for  the  finer  dust  carried  away, 
//p  Ho,  and  H^  are  the  three  pressure  gages  showing  the  excess  h^,  h2,  h-^  of  air 
pressure  at  the  corresponding  points  over  atmospheric  pressure  H. 

Feret's  studies  led  him  to  the  almost  self-evident  conclusion 
that  the  limiting  size  of  grains  removed  by  apparatus  of  this  type, 
or,  as  we  shall  hereafter  designate  it,  the  size  of  separation,  depends 
solely  upon  the  flow,  and  it  is  the  quantity  of  air  delivered  which 
must  be  controlled  and  maintained  constant.  He  states  further 
that  the  regulation  of  the  flow  is  incorrectly  based  on  the  con- 
stancy of  the  pressure  of  the  air  supply  h^,  unless  special  precau- 
tions are  taken  to  insure  the  constancy  of  the  resistances  in  the 
entire  apparatus,  but  depends  rather  on  the  constancy  of  the 
pressure  in  the  top  of  the  separating  funnel  h^,  together  with  the 
constancy  of  the  resistance  beyond  the  latter  point. 

Without  going  into  the  derivation  of  the  foregoing  result,  and 
assuming  it  to  be  true,  we  are  inclined  to  believe  that  the  general 
scheme  of  an  apparatus  such  as  Feret  has  described  and  studied 
is  unnecessarily  complicated  as  a  practical  analyzer  for  cement. 
Thus  we  have  found  that  an  apparatus  can  be  constructed  in 
which  the  back  pressure  in  the  separating  chamber  {h^  in  Feret's 
apparatus)  can  be  reduced  to  an  entirely  negligible  quantity,  at 
the  same  time  preventing  the  escape  of  all  dust  except  that  which 
may  be  so  attenuated  as  to  be  invisible.  A  single  pressure  gage 
attached  to  an  air  reservoir  with  an  automatic  regulator  has  been 
found  adequate  to  insure  the  constancy  of  the  air  flow  in  the 
separating  chamber,  at  least  to  such  a  degree  that  the  variations 
have  a  negligible  influence  on  the  separations  in  comparison  with 
other  uncertainties.  A  practical  objection  has  also  been  pointed 
out  that  is  common  to  all  the  up-blast  types  of  separators  oper- 
ating at  comparatively  low  pressures,  viz,  such  types  are  adapted 
only  to  the  examination  of  undesirably  small  samples. 
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One  of  the  most  important  investigations  ever  imdertaken  to 
determine  the  value  of  fine  grinding  of  Portland  cement  was  car- 
ried out  some  years  ago  at  the  University  of  Kansas  by  Dr.  J.  F. 
Mackey.  The  results  of  this  investigation  became  available  to 
us  through  the  courtesy  of  the  Ash  Grove  Lime  &  Portland  Cement 


From 
blower 

IrHopper  5, 6, 10 'Col  lectors 

ZrScrew-conveyor  78, 1 1 -Spouts 
3.-Feed  pipe  9-Connecfing  pipe  6tolO 

4-Funnel  top  of  G)  12-Coiton  plug 

Fig.  10. — Mackey^ s  apparatus 

Co.,  of  Kansas  City,  Mo.,  who  established  the  fellowship  under 
which  the  work  was  done.^  A  drawing  of  Dr.  Mackey 's  appara- 
tus is  shown  in  Fig.  10,  and  his  description  of  it  is  as  follows: 

The  large  separator  was  used  to  obtain  large  quantities  of  what  is  ordinarily  termed 
"fiour  of  cement."     The  cement  to  be  separated  was  placed  in  the  hopper  (i)  and 

8  The  Fine  Grinding  of  Portland  Cement  and  the  Effect  of  Hydrated  Lime  on  Portland  Cement.    Dr. 
J.  F.  Mackey. 
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by  means  of  a  screw  conveyor  (2)  fed  into  the  pipe  (3),  through  which  a  current  of  air 
from  a  blower  was  passing.  By  this  means  the  cement  was  carried  into  the  separa- 
tors (5),  (6),  and  (10).  The  arrangement  of  these  conical-shaped  separators  is  shown 
in  the  diagram.  The  cross-sectional  area  between  (5)  and  (6)  gradually  increased 
from  the  bottom  upward,  causing  the  velocity  of  the  air  carrying  the  cement  to  grad- 
ually decrease  as  it  ascended  between  (5)  and  (6).  Practically  all  of  the  coarser  par- 
ticles were  dropped  in  this  portion  of  the  apparatus.  Any  of  the  finer  powder  adher- 
ing to  the  walls  of  this  part  of  the  apparatus  was  removed  by  gentle  tapping. 

In  the  open  space  above  (5)  considerable  portions  of  finer  material  dropped  out 
and  were  removed  from  the  collector  by  means  of  the  spout  at  (8).  The  finest  por- 
tions were  carried  over  into  (10),  which  served  merely  as  a  collector  for  these  particles. 
The  particles  still  in  suspension  were  caught  in  the  cotton  plug  (12)  or  were  carried 
back  to  the  blower  and  again  sent  through  the  separators. 

WTien  the  sample  had  been  sent  through  the  apparatus,  the  products  of  the  various 
containers  were  collected  separately.  The  material  in  (10)  was  quite  free  from  grit. 
The  whole  machine  was  then  cleaned  out  and  all  of  the  materials  except  the  portion 
collected  in  (10)  sent  through  as  before.  Two  or  three  such  operations  usually 
removed  practically  all  of  the  finest  powder.  There  w^as  a  small  loss  due  to  leakage. 
In  general  the  contents  of  (6)  contained  that  portion  too  coarse  to  pass  a  220-mesh 
sieve,  together  wdth  a  small  amount  of  finer  material;  the  contents  of  (5)  passed  the 
220  sieve  and  contained  a  small  quantity  of  "flour."  The  contents  of  (5)  and  (6) 
were  then  separated  in  small  air  elutriators.  The  separators  were  arranged  in  bat- 
teries of  8  or  10  and  dried  air  or  natural  gas  blown  through  under  constant  velocity. 
The  smaller  particles  were  blown  out  first,  grade  C.  Then  the  particles  grade  B 
were  blown  out.  The  residue  v/as  then  sieved,  and  the  portion  passing  the  220-mesh 
sieve  was  grade  A. 

I  was  not  able  to  obtain  a  complete  separation  into  a  number  of  fractions  with  one 
operation.  A  special  separation  was  used  for  each  size  of  particle.  The  method 
used,  while  laborious,  nevertheless  gave  results  sufficiently  accurate  for  the  purpose 
in  view. 

From  the  foregoing  description  we  understand  that  Mackey 
did  not  expect  to  obtain  very  sharp  separations  with  the  appa- 
ratus represented  in  Fig.  lo,  although  perhaps  satisfactory 
for  the  tests  that  were  carried  out.  The  arrangement  of  the 
smaher  air  elutriators  is  not  described  in  sufficient  detail  to  war- 
rant discussion.  Suffice  it  to  say  that  Mackey  obtained  very- 
fair  agreement  in  the  amounts  of  the  four  fractions  below  the  No. 
220  sieve.  Extensive  series  of  tests  were  made  on  these  frac- 
tions, and  valuable  information  was  obtained,  but  we  are  con- 
cerned for  the  present  only  with  the  identification  of  the  various 
fractions.  Unfortunately  Mackey  reported  only  the  average 
apparent  diameters  of  the  particles  of  the  different  grades,  from 
which  it  is  impossible  to  deduce  the  limiting  sizes.  Without  know- 
ing the  limiting  sizes — that  is,  the  sizes  of  separation — we  can  not 
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derive  the  mechanical  analysis  curves,  and  the  microscopic  meas- 
urements are  therefore  of  little  assistance  in  identifving  the 
separations. 

In  conclusion  of  this  review  of  previous  types  of  elutriators,  it 
may  be  pointed  out  that  there  has  apparently  been  no  successful 
attempt  to  define  separations  of  very  fine  material  in  absolute 
terms,  in  consequence  of  which  the  fractions  obtained  by  one 
apparatus  can  not  be  compared  with  those  obtained  by  any  other. 
In  the  work  which  has  been  done  at  the  Bureau  it  has  been  our 
particular  endeavor  to  define  our  separations  without  reference 
to  the  apparatus.  In  this  attempt  w^e  have  met  with  a  very  fair 
degree  of  success,  and  we  hope  that  the  methods  described  in  the 
following  pages  will  encourage  a  more  general  use  of  elutriation 
processes. 

IV.  GRADUAL  DEVELOPMENT  OF  A  NEW  FORM  OF  AIR 

ANALYZER 

Our  experience  in  air  separation  of  cements  really  began  in  the 
early  part  of  191 2,  when  a  Griffin-Goreham  flourometer  was  pur- 
chased and  preliminary  experiments  were  made  on  a  number  of 
cements.  After  a  few  trials  it  was  believed  that  this  apparatus 
could  be  improved  and  adapted  to  the  examination  of  larger  sam- 
ples by  using  a  source  of  air  at  considerably  higher  pressure  than 
could  be  obtained  by  means  of  the  aerometer  furnished  with  the 
apparatus.  Accordingly,  further  experiments  were  made  using 
air  from  the  compressed-air  supply  in  the  laboratory  at  about  2 
pounds  pressure  per  square  inch.  This  change  necessitated  a 
longer  stack,  which  was  constructed  of  a  piece  of  glass  tubing 
about  I  yi  inches  in  diameter  and  5  feet  long,  the  upper  end  being 
bent  in  a  sharp  semicircle  to  facilitate  attaching  a  dust-collecting 
sack.  Varying  the  air  flow  by  means  of  constricted  pieces  of  tub- 
ing introduced  into  the  supply  line,  we  were  able  with  this  modifica- 
tion to  obtain  a  number  of  fractions  in  the  fine  portion  of  the  cement. 
In  this  form  the  apparatus  presented  tliree  serious  drawbacks — ■ 
(i)  it  was  noticed  that  a  large  amount  of  fine  material  collected  in 
the  bend  of  the  stack,  a  considerable  portion  of  which  could  only 
be  dislodged  by  taking  down  the  stack  and  running  a  cleaner 
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through  it;  (2)  large  pressure  variations  in  the  air  supply  were  of 
frequent  occurrence,  due  partly  to  the  variations  in  the  supply 
pressure  and  partly  to  the  choking  effect  of  the  cement;  (3)  there 
was  always  trouble  from  choking  and  lodging  of  the  cement 
in  the  cone  at  the  bottom,  this  being  especially  annoying  when  a 
small  current  of  air  was  used  for  the  purpose  of  blowing  out  only 
the  very  fine  particles. 

The  first  of  these  objections  was  partly  overcome  by  replacing 
the  stack  with  another  in  which  an  offtake  tube  was  sealed  onto 
the  vertical  part  of  the  stack  at  the  sharpest  possible  angle.  This 
stack  is  still  in  use  as  the  separating  chamber  of  a  later  type  of 
analyzer,  but  the  shelf  formed  at  the  junction  of  the  offtake, 
although  very  narrow,  is  nevertheless  a  source  of  slight  error  on 
account  of  the  tendency  of  material  which  should  be  carried  off 
into  the  collector  to  lodge  there  and  partly  fall  back  into  the  coarse 
residue.  It  will  be  shown  later  that  this  difficulty  can  be  very 
easily  avoided,  yet  it  constitutes  the  one  glaring  fault  of  the  Gary- 
Lindner  apparatus,  and  in  our  opinion  precludes  the  use  of  the 
latter  for  quantitative  separations  of  the  required  purity. 

The  pressure  variations,  so  far  as  they  were  due  to  variations  in 
the  air  supply,  were  avoided  by  procuring  a  small  May-Nelson 
two-ring  pump  driven  by  a  direct-connected  Westinghouse  one- 
eighth  horsepower  motor.  A  rheostat  in  the  armature  of  the 
latter  provided  means  of  varying  the  speed,  and  up  to  the  limit 
of  its  capacity  this  outfit  was  the  most  satisfactory  source  of  air 
we  have  ever  used,  but  a  somewhat  larger  capacity  was  later  found 
desirable.  An  Eimer  and  Amend  No.  780  blower  has  proven  very 
satisfactory  for  this  purpose.  Small  pressure  variations  were  still 
observed,  even  after  the  blower  had  been  installed,  and  these  were 
found  to  depend  largely  on  the  state  of  the  cement  in  the  separating 
chamber.  It  was  felt  at  the  time  that  these  pressure  variations 
were  unavoidable  in  this  type  of  separator,  which  now  very  closely 
resembled  Petersen's  apparatus,  as  described  in  the  foregoing 
review. 

The  third  objection  to  the  apparatus — that  is,  the  tendency  of 
the  cement  to  choke  and  lodge  in  the  cone  at  the  bottom  of  the 
separating  chamber — proved  to  be  the  most  difficult  of  all  to  over- 
come, and  led  eventually  to  the  development  of  the  present  form 
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of  analyzer.  Numerous  attempts  were  made  to  avoid  this  diffi- 
culty, one  being  worthy  of  special  mention.  An  apparatus  was 
constructed  according  to  the  plan  shown  in  Fig.  11.  C^  and  C2 
were  two  brass  cones  of  the  same  dimensions  surmounted  by 
tubes  Ti  and  T^,  the  former  connected  with  the  top  of  the  latter 
by  means  of  a  slightly  inclined  conical  tube.  T^  was  surmounted 
by  a  section  of  a  glass  funnel  C3  in  the  top  of 
which  was  mounted  a  cylindrical  brass  tube  T^, 
approximately  3  inches  in  diameter  and  3  feet  in 
height.  The  latter  constituted  the  separating 
chamber  of  the  apparatus  and  carried  a  dust 
collector  on  its  upper  end.  The  cement  to  be 
tested  was  placed  in  cone  C^,  which  was  remov- 
able. The  tube  T^  was  partly  of  glass,  to  per- 
mit observation  of  the  behavior  of  the  cement 
during  the  process  of  blowing.  Short  lengths  of 
rubber  tubing  connected  to  the  air  supply  were 
attached  to  the  bottom  of  C^  and  C^  and  closed 
with  pinch  cocks  to  prevent  the  cement  from 
getting  back  into  the  tubes  when  the  air  was  not 
flowing.  With  everything  in  readiness  for  the 
operation,  air  was  first  admitted  to  the  cone  C2 
and  then  to  the  cone  C^.  If  the  air  supply  v/ere 
sufficient  to  handle  the  cement,  the  latter  was 
thrown  up  into  the  glass  tube  in  violent  agitation, 
and  was  soon  freed  from  its  finest  particles.  The 
latter  passed  over  into  the  tube  T2  and  were  then 
further  separated,  part  passing  up  into  the  col- 
lector, part  remaining  in  suspension  in  the  vicinity 
of  C3,  and  the  coarsest  particles  falling  back  into 
cone  Cj.  There  was  thus  a  gradual  diminution  of 
material  in  cone  Cj,  and  a  gradual  accumulation  in 
cone  C2.  The  obvious  purpose  of  this  device  was 
to  equalize  the  retardation  of  the  air  stream,  thus  assuring  a  more 
constant  flow  in  the  separating  chamber,  and  by  using  higher  pressure 
w^ith  small  inlets  C^  and  C2,  to  induce  a  more  vigorous  action  in  the 
cement  in  C^.  Many  excellent  analyses  were  made  with  this  device, 
and  photomicrographs  of  particles  showing  the  sizes  and  purity  of 
the  separations  are  shown  in  Figs.  12  to  15.  Fig.  16  shows  the 
relative  sizes  of  the  largest  particles  passing  a  No.  200  sieve. 


V 

Fig.  II. — Bureau  of 
Standards  double- 
cone  analyzer  (dis- 
carded) 
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Our  confidence  in  this  apparatus  gradually  dwindled,  however, 
when  we  became  assured  that  it  was  barely  capable  of  separating 
less  than  30  per  cent  of  a  normal  cement  as  the  finest  fraction 
obtainable.  The  size  of  this  separation  was  in  the  vicinity  of 
o.ooi  inch  (0.025  mm.) — that  is,  the  average  diameter  of  the  largest 
particles  as  seen  in  the  field  of  a  microscope — and  the  amount  of  air 
required  to  produce  this  separation  was  so  diminished  as  to  be  in- 
capable of  handling  very  finely  ground  cements.  This  trouble 
seemed  to  depend  entirely  on  the  presence  of  the  very  fine  material, 
for  if  the  latter  were  partially  removed  or  the  original  sample  were 
diluted  with  a  sufficient  amount  of  coarse  grains,  the  process 
started  much  more  readily.  Of  course  an  analysis  could  be  coaxed 
along  by  continued  tapping,  stirring,  and  by  allowing  the  air  to 
enter  in  pulses,  but  for  routine  analyses  such  a  performance  was 
out  of  the  question.  Later  experience  showed  that  this  difficulty 
from  sticking  and  clogging  might  have  been  overcome,  but  at  that 
time  we  came  to  the  conclusion  that  the  up -blast  principle  was 
theoretically  and  practically  the  weak  point  in  all  our  elutriators. 

It  was  quite  by  accident  that  we  hit  upon  the  very  simple  and 
satisfactory  scheme  which  has  since  been  adopted  in  all  our  later 
designs.  In  attempting  to  blow  a  considerable  quantity  of  cement 
out  of  an  ordinary  Mason  jar  with  a  small  air  nozzle  it  was  observ^ed 
that  if  the  nozzle  were  held  stationary  and  directed  into  the  cement, 
the  latter  was  blown  away,  not  violently,  but  by  a  gradual  erosion 
process,  leaving  a  large  conical  hole  in  the  mass  of  the  cement. 
This  immediately  suggested  a  new  scheme  for  an  analyzer,  viz, 
of  sealing  up  the  air  inlet  in  the  bottom  of  the  separating  cone 
of  the  old  apparatus  and  inserting  an  overhead  nozzle  to  blow  down 
into  the  apex  of  the  cone  from  above.  This  was  carried  out  by  having 
a  pear-shaped  glass  bulb  blown,  into  the  side  of  w^hich  a  bottle- 
neck opening  was  made  to  admit  nozzles  of  glass  tubing  of  different 
sizes.  The  open  end  at  the  top  was  also  in  the  form  of  a  wide- 
mouthed  bottle,  and  designed  to  fit  air-tight  to  the  lower  end  of  a 
tall  glass  stack.  The  original  apparatus  of  this  form  is  still  in 
operation  and  may  be  seen  in  Fig.  18  at  B.  Since  this  apparatus 
was  constructed  improvements  have  been  made  in  all  its  parts, 
but  the  principle  of  blowing  the  air  down  into  the  cement  from 
above  has  been  retained  and  is  the  chief  distinguishing  feature  of 
the  new  analyzer. 
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Fig.  12. — Air-separated  cement  particles,  Grade  I,  or  "flour/'    Average  diameter  of 
maximum  particles,  o.ooii  inch.     Magnification,  ijo  diameters 
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Fig.  13. — Air-separated  cement  particles,  Grade  II.     Average  diameter  of  maximum 
particles,  0.0018  inch.     Magnification,  150  diameters 
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Fig.  14. — Air-separated  cement  particles,  Grade  HI.     Average  diameter 
of  maximiun  particles,  o.oo2j  inch.     Magnification,  Jjo  diameters 
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Fig.  15. — Air-separated  cement  particles,  Grade  IV.     Average  diameter 
of  maximum  particles,  0.0033  inch.     Magnification,  Ijo  diameters 


Fig.  16. — Cement  particles  passing  a  No.  200  sieve  at  the  end  of  the 
ordinary  sieving  operation.     Alagnification,  ijo  diameters 
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V.  DESCRIPTION  OF  THE  ANALYZER  IN  ITS  PRESENT  FORM 

The  present  analyzer  in  operating  condition  is  shown  in  Fig.  17. 
The  analyzer  proper  is  shown  at  the  right  of  the  diagram,  and  con- 
sists of  four  essential  parts — the  bulb,  with  its  set  of  three  inter- 


FiG.  17. — Bureau  of  Standards  air  analyzer 

changeable  nozzles;  the  stack,  or  separating  chamber;  the  tapper, 
electrically  operated;  and  the  dust  collector,  which  retains  all 
material  carried  off  through  the  separating  chamber.  The  auxil- 
iary apparatus  required  for  the  operation  of  the  analyzer  consists 
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of  a  motor  M,  direct  connected  to  a  blower  B,  beyond  which  is  a 
grease  trap  to  prevent  oil  and  grease  from  getting  into  the  air  tube 
leading  to  the  reservoir.  A  side  valve  is  inserted  in  this  tube 
which  acts  as  a  blow-off  for  the  large  excess  of  air  delivered  by  the 
blower  over  and  above  the  amount  passing  through  the  analyzer. 
The  remainder  of  the  air  passes  into  a  reservoir  to  which  are  con- 
nected an  oil-pressure  gage,  a  regulator,  and  finally  the  tube 
leading  directly  to  the  nozzle  in  the  analyzer  bulb.  The  auxiliary 
apparatus  is  designed  entirely  for  the  purpose  of  automatically 
supplying  air  at  constant  pressure  to  the  analyzer. 

It  has  been  stated  that  a  satisfactory  elutriator  should  insure 
as  far  as  possible  a  constant  velocity  and  uniform  stream  lines  in 
the  fluid  as  it  passes  through  the  separating  chamber.  In  our 
apparatus  the  separating  chamber  is  a  drawn  brass  tube  6.8  cm 
(2.7  inches)  internal  diameter,  7  cm  external  diameter,  150  cm 
(60  inches)  long,  polished  on  the  inside  without  a  projection  of  any 
sort  on  the  inside  walls.  The  air  expands  immediately  after  strik- 
ing into  the  cement,  and  aside  from  the  unavoidable  pulsations  and 
eddies  in  the  bulb  should  have  every  opportunity  to  flow  uniformly 
up  the  stack.  Experiments  will  be  described  later  which  tend  to 
show  that  the  stack  is  sufficiently  high  to  insure  uniform  stream 
lines  and  to  indicate  that  the  friction  between  the  air  stream  and 
the  polished  surface  of  the  stack  has  a  negligible  influence  on  the 
separations. 

The  second  requirement  of  a  satisfactory  elutriator  is  that  neither 
the  cement  nor  the  dust  collector  should  retard  the  air  delivery, 
unless  such  retardation  be  compensated  in  some  way.  This 
requirement  is  met  particularly  well  by  the  distinguishing  feature 
of  the  apparatus,  viz,  the  delivery  of  the  air  into  the  cement  from 
an  overhead  nozzle,  and  by  the  type  of  collector  which  is  shown  in 
Fig.  17.  That  any  appreciable  back  pressure  arising  from  the  use 
of  a  fair  sized  flannel  sack  as  dust  collector  did  not  exist  was  shown 
by  attaching  a  small  pressure  gage  to  the  top  of  the  glass  stack 
used  with  the  original  pear-shaped  bulb.  This  gage  can  be  seen 
at  the  top  of  the  analyzer  marked  B  in  Fig.  18.  Even  with  the 
maximum  air  delivery,  this  pressure  did  not  amount  to  more  than 
a  millimeter  of  kerosene.     That  the  air  delivery  from  the  nozzle 


Bureau  of  Standards  Technologic  Paper  No.  48 


^4  - 


Fig.  i8. — Section  of  laboratory  equipped  for  air  analysis  of  cements.  A,  an  early 
form  of  "  up-blast  "  analyzer,  now  used  for  re-moving  dust  from  samples  of  cement 
and  other  tnaterials.  B,  the  original  apparatus  of  the  "down-blast  "  type.  Very 
fine  separations  can  not  be  'rnade  with  this  analyzer  owing  to  small  diameter  of 
stack.  Calibration  is  also  uncertain  because  of  the  difficulty  of  getting  pure 
slides  at  the  end  of  an  analysis.  C,  improved  forin  of  analyzer,  better  adapted  to 
fine  separations  on  account  of  its  larger  stack.  I),  present  form  of  analyzer  designed 
to  give  three  well-distributed  separations  {four  fractions)  of  the  portion  of  cement 
passing  a  No.  200  sieve.  The  shape  of  the  bulb  and  the  collector  of  this  apparatus 
are  the  chief  improvements  over  analyzer  C 
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just  above  the  cement  is  inappreciably  retarded  by  the  latter  was 
to  be  inferred  from  early  attempts  to  observe  how  much  pressure 
change  in  the  reservoir  might  be  produced  by  bringing  the  free- 
blowing  nozzle  up  toward  a  flat  plate  in  such  way  that  the  air 
stream  from  the  nozzle  impinged  vertically  on  the  plate.  No 
appreciable  change  was  observed  with  maximum  air  delivery  until 
the  nozzle  had  approached  to  within  i  cm  of  the  plate.  In  the 
present  form  of  apparatus  the  combined  retarding  effect  of  cement 
and  dust  collector  was  determined  by  metering  the  air  delivery 
from  the  separate  nozzles,  first  when  blowing  free  into  the  atmos- 
phere, and  again  when  blowing  into  the  analyzer  imder  normal 
operating  conditions.  With  the  largest  nozzle  used,  the  observed 
difference  in  air  delivery  under  the  two  conditions  was  less  than 
I  per  cent,  an  amount  which  theoretically  affects  the  size  of  separa- 
tion by  less  than  0.5  per  cent. 

Another  requirement  of  a  satisfactory  analyzer  is  that  the  cement 
shall  be  completely  and  continuously  exposed  to  the  action  of  the 
air,  otherwise  complete  and  clean  separations  will  not  be  obtained. 
In  this  apparatus  the  action  depends  entirely  upon  the  air  stream 
from  the  overhead  nozzle  having  sufficient  energy  to  penetrate 
to  the  apex  of  the  bulb.  It  is  obvious,  therefore,  that  the  separa- 
tion of  the  finest  fraction,  requiring  the  use  of  the  smallest  nozzle 
and  the  minimum  air  delivery,  is  the  only  one  which  needs  careful 
attention,  for  if  this  separation  can  be  made  satisfactorily,  the 
coarser  separations,  requiring  greater  air  delivery,  will  certainly 
cause  no  trouble.  The  most  important  variables  which  may  effect 
the  proper  penetration  of  the  air  stream  to  the  bottom  of  the 
cement  are  (i)  the  pressure  of  air  in  the  reservoir,  (2)  the  diameter 
of  the  stack,  (3)  the  diameter  of  the  bulb,  (4)  the  shape  of  the 
bulb,  (5)  the  diameter  of  the  nozzle,  and  (6)  the  quantity  of  cement. 
More  or  less  attention  has  been  devoted  to  all  these  items  in  the 
development  of  the  analyzer,  and  we  have  found  that  the  most 
feasible  method  of  operation  is  to  choose  a  stack  of  such  diameter 
that  three  different  separations — that  is,  four  fractions — can  be 
readily  obtained  in  the  cement  passing  a  No.  200  sieve. 

It  will  be  shown  later  that  the  stack  used  in  the  present  form  of 
apparatus,  6.8  cm  (2.7  inches)  internal  diameter,  is  probably 
quite  near  the  most  efficient  size  to  use  for  these  tliree  separations. 
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The  diameter  of  the  stack  practically  determines  the  diameter  of 
the  bulb,  for  the  latter  is  at  best  very  slightly  larger  than  the 
diameter  of  the  stack,  thus  allowing  the  attachment  of  the  bulb 
to  the  gently  tapered  collar  at  the  bottom  of  the  stack.  The  in- 
terior of  the  top  of  the  bulb  is  ground  to  the  same  taper  as  the 
brass  collar,  but  slightly  larger,  so  that  it  may  fit  closely  over  a 
thin  strip  of  soft  leather  glued  to  the  outer  surface  of  the  collar. 
This  provides  a  perfectly  dust- tight  connection  between  bulb  and 
stack,  at  the  same  time  reducing  danger  of  breakage  and  facilitat- 
ing removal  of  the  bulb  for  weighing.  The  extreme  height  of  the 
bulb  as  represented  in  Fig.  17  is  19  cm  (7.5  inches),  the  apex  being 
14  cm  (5.5  inches)  below  the  bottom  of  the  stack.  It  has  also 
been  found  most  feasible  to  operate  the  analyzer  with  a  constant 
air  pressure  in  the  reservoir,  which  is  automatically  kept  at  i 
pound  per  square  inch  (0.07  kg  per  square  centimeter)  in  our 
present  series  of  experiments. 

Our  aim  has  been  to  procure  the  various  separations  desired 
by  simply  changing  nozzles,  a  set  of  which  are  ground  with  the 
same  taper  and  fit  into  the  bulb  in  the  manner  shown  in  Fig.  17. 
These  nozzles  are  all  adjusted  to  point  vertically  downward  into 
the  apex  of  the  bulb.  The  original  tentative  selection  of  nozzles 
was  based  on  the  sizes  of  separation  desired,  and  as  the  average 
diameter  of  the  largest  particles  passing  the  No.  200  sieve  is 
approximately  0.004  i^^^  (o-i  mm),  it  was  suggested  that  0.003 
inch  (0.075  mm),  0.002  inch  (0.05  mm),  and o.ooi  inch  (0.025  mm), 
would  be  desirable  limiting  sizes  for  the  finer  separations.  While 
these  are  not  the  exact  sizes  of  the  separations  now  obtained,  and, 
in  fact,  differ  considerably  from  what  may  be  regarded  as  the  true 
sizes  of  separation,  we  are  accustomed  to  refer  to  the  three  nozzles 
as  the  o.ooi,  the  0.002,  and  the  0.003  m^^  nozzles,  respectively, 
and  for  convenience  they  will  be  thus  designated  hereafter, 
although  it  should  be  always  remembered  that  these  are  not  the 
true  sizes. 

Referring  to  the  statement  at  the  beginning  of  the  second 
paragraph,  on  page  27,  it  is  the  o.ooi -inch  nozzle  which  alone  may 
not  deliver  air  with  sufficient  energy  to  insure  the  complete  stir- 
ring and  mixing  of  the  residue  in  the  bulb.     It  happens  that  the 
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0.00 1 -inch  nozzle  in  the  present  apparatus  deHvering  air  at  i 
pound  per  square  inch  is  just  capable  of  handling  a  50  g  sample  of 
cement,  but  this  was  not  accomplished  without  a  number  of 
attempts  to  improve  the  form  of  the  conical  part  of  the  bulb. 
The  latter  is  now  a  true  cone  with  a  slightly  rounded  apex,  and 
an  angle  of  63°.  The  depth  of  the  cement  may  be  reduced  by 
using  a  smaller  sample,  or  by  flattening  the  cone  of  the  bulb,  and 
a  cone  of  70°  would  probably  give  even  better  results  than  the 
one  now  in  use.  In  routine  examinations  we  are  accustomed  to 
use  33/^  g  of  cement  for  the  0.001 -inch  analysis,  which  gives 
practically  the  same  results  as  the  50  g  sample  and  in  less  time. 
With  a  given  size  of  stack  and  a  fixed  definite  pressure  in  the 
reservoir,  the  diameters  of  the  nozzles  are  practically  predeter- 
mined. As  the  analyzer  is  calibrated  entirely  from  the  separa- 
tions, however,  we  have  never  measured  the  nozzles  accurately, 
and  it  may  be  emphasized  here  that  neither  the  sizes  of  the  nozzles 
nor  any  other  dimensions  of  the  apparatus,  nor  even  the  working 
pressure,  need  to  be  specified  or  known  with  accuracy.  As  a 
matter  of  record,  the  internal  diameters  of  the  nozzles  now  in  use 
are  approximately  i.i  mm  (0.04  inch),  2.2  mm  (0.09  inch),  and 
3.3  mm  (0.13  inch),  respectively. 

The  fourth  important  requirement  of  a  good  analyzer  is  that  it 
should  have  no  places  of  lodgment  for  material  in  the  separating 
chamber.  This  is  an  obvious  requirement  for  sharp  and  com- 
plete separations,  and  means  that  whenever  an  analysis  is  inter- 
rupted for  any  reason,  all  the  material  should  soon  settle  either 
in  the  dust  collector  or  in  the  residue  in  the  bottom  of  the  analyzer. 
All  possible  precautions  have  been  taken  to  insure  complete 
separations  in  this  apparatus,  and  the  following  features  contribute 
especially  to  this  end:  (i)  The  stack  is  polished  on  the  interior 
surface,  but  in  spite  of  this  a  small  amount  of  the  finest  dust 
will  gradually  collect  in  the  upper  part  of  the  stack,  and  in  a 
single  analysis  may  amount  to  a  few  hundredths  of  a  gram;  (2) 
the  upper  rim  of  the  stack  is  filed  to  a  sharp  knife-edge  beveled 
outward  and  downward,  so  that  any  particles  which  might  other- 
wise lodge  on  the  rim  are  deposited  in  the  collector;  (3)  an  elec- 
trical tapper  is  mounted  near  the  top  of  the  stack,  and  is  ordi- 
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narily  kept  running  at  the  beginning  of  an  analysis  to  assist  in 
circulating  the  cement  in  the  bulb,  and  at  the  end  of  an  analysis 
to  prevent  all  possible  adherence  of  particles  to  the  inside  of  the 
stack  when  the  rates  of  loss  are  being  determined;  (4)  the  dust 
collector  has  been  designed  especially  to  prevent  any  material 
from  falling  back  into  the  residue  when  it  has  once  made  the  trip 
through  the  separating  chamber. 

The  essential  feature  of  the  dust  collector  is  a  60°  cone  of 
polished  sheet  copper,  supported  by  eight  rods  soldered  at  regular 
intervals  to  the  inside  of  the  rim  of  the  brass  pan  at  the  bottom, 
and  so  arranged  that  the  apex  of  the  cone  projects  slightly  into 
the  upper  end  of  the  stack.  The  effect  of  this  device  is  to  moder- 
ately accelerate  the  air  stream  as  it  leaves  the  stack  without 
causing  any  appreciable  retardation  in  the  uniform  air  flow 
up  the  main  part  of  the  stack.  At  the  same  time  the  air 
stream  is  diverted  symmetrically  outward  into  the  body  of  the 
collector  without  diminishing  the  vertical  component  of  flow 
until  the  particles  in  suspension  are  safely  carried  beyond  the 
region  directly  above  the  mouth  of  the  stack.  The  frame  of 
the  collector  carries  a  loose  covering  of  canton  flannel  taped 
tightly  around  the  pan  and  gathered  at  the  top,  thus  providing 
an  efficient  filter  for  the  more  or  less  dust-laden  air  stream 
without  causing  an  appreciable  back  pressure.  In  the  center  of 
the  pan  is  fastened  a  brass  sleeve  which  fits  closely  around  the 
stack  and  insures  the  rigidity  of  the  collector,  and  the  whole  is 
supported  in  its  proper  position  by  an  adjustable  clamp.  The 
frame  of  the  collector  is  approximately  25  cm  (10  inches)  in 
diameter  and  50  cm  (20  inches)  high. 

VI.  METHOD  OF  OPERATION— SPECIMEN  ANALYSES 

The  complete  process  of  making  a  separation  with  the  analyzer 
is  carried  out  as  follows: 

The  motor  and  blower  are  first  started  at  slow  speed,  and  the 
air  tube  leading  from  the  reservoir  to  the  analyzer  is  connected 
to  the  nozzle  to  be  used.  This  causes  a  rise  in  pressure  in  the 
reservoir,  indicated  on  the  gage,  which  is  to  be  raised  to  the  work- 
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ing  pressure  of  i  pound  per  square  inch.  The  pressure  is  further 
raised  by  gradually  closing  the  blow-off,  and  if  not  high  enough 
when  the  latter  is  completely  closed,  the  blower  speed  is  increased. 
It  is  desirable  always  to  have  an  excess  of  air  supplied  by  the 
blower,  and  to  have  the  blow-off  so  adjusted  as  to  allow  a  slightly 
greater  quantity  of  air  to  pass  into  the  reservoir  than  is  required 
for  the  analyzer.  Further  regulation  of  pressure  is  automatically 
provided  by  the  regulator,  which  consists  of  a  vertical  pipe  about  5 
feet  (150  cm)  long  and  4  inches  (10  cm)  in  diameter,  closed  at  the 
bottom  and  nearly  filled  with  kerosene.  Into  this  a  long  glass 
tube  connected  to  the  reservoir  and  open  at  the  lower  end  projects 
to  a  depth  which  can  be  adjusted  and  is  approximately  the  same  as 
the  difference  in  level  of  the  kerosene  in  the  two  arms  of  the  gage 
at  working  pressure.  This  adjustment  is  always  made  by  trial, 
and  when  the  proper  depth  is  attained,  the  regulator  functions 
perfectly  for  an  indefinite  time  without  further  attention. 

It  is  obvious  that  if  the  pressure  in  the  reservoir  is  below  the 
required  working  pressure,  air  can  escape  from  the  reservoir  only 
through  the  analyzer  nozzle,  but  by  further  closing  the  blow-off 
the  pressure  rises  and  the  kerosene  is  driven  down  the  regulator 
tube  until  finally  the  seal  is  broken  and  air  bubbles  off.  The 
pressure  in  the  reservoir  will  thereafter  remain  sensibly  constant, 
unless  the  speed  of  the  blower  varies  considerably.  In  normal 
operation,  therefore,  the  oil  in  the  pressure  gage  mounts  quickly 
to  its  prescribed  height  and  remains  there  while  the  regulator  dis- 
poses of  the  slight  excess  of  air  supplied  to  the  reservoir.  Un- 
avoidable irregularities  in  the  speed  of  the  blower  are  thus  auto- 
matically compensated  and  the  gage  indicates  the  constant  pres- 
sure of  the  air  supplied  to  the  nozzle.  Variations  in  the  reservoir 
pressure  as  large  as  i  per  cent  are  rare,  and  of  this  magnitude  are 
entirely  negligible  in  their  effect  on  the  separations. 

Having  adjusted  the  blow-off,  as  previously  described,  the 
nozzle  is  removed  from  the  air  tube  and  inserted  in  the  bulb, 
which  is  detached  from  the  stack.  The  weight  of  nozzle  and 
bulb  should  be  known  to  the  nearest  o.oi  g.  If  the  0.00 1 -inch 
separation  is  to  be  made,  a  33^^  g  sample  of  cement  is  placed  in 
the  bulb;  if  the  coarser  separations  are  desired,  50  g  are  ordina- 
95949°— 15 3 
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rily  used.  The  bulb  containing  the  cement  is  then  attached  to 
the  stack,  the  air  tube  is  connected  to  the  nozzle,  the  tapper  is 
started,  and  the  analysis  proceeds  without  further  attention  on 
the  part  of  the  operator.  The  residue  in  the  bulb  gradually 
darkens  as  the  fine  material  is  removed  and  in  the  course  of  half 
an  hour  or  less  appears  to  become  distinctly  granular,  especially 
in  the  coarser  separations.  It  has  been  found  by  experiment 
that  greater  uniformity  in  the  fractions  is  obtained  if  the  sepa- 
rations are  regarded  as  completed  when  a  certain  rate  of  loss  is 
reached,  as  in  the  case  of  the  No.  200  sieve  fineness  determina- 
tion. The  air  separations  require  a  considerably  longer  time, 
however,  as  the  diminution  of  the  quantity  of  material  removed 
is  much  less  rapid  toward  the  end  of  the  process  than  in  the  sieve 
separations.  The  rate  of  progress  of  the  air  analyses  is  shown  in 
Fig.  19. 

We  have  arbitrarily  adopted  a  loss  of  0.02  g  per  minute  as  the 
most  suitable  rate  to  indicate  the  completion  of  a  separation, 
but  should  the  analyzer  be  found  adapted  to  routine  work,  a 
considerable  saving  of  time  might  be  effected  without  much  sac- 
rifice of  accuracy  by  adopting  a  higher  rate.  The  rate  of  loss  is 
determined  in  the  following  manner:  The  approximate  time  of 
an  analysis  is  usually  known  from  experience,  and  15  or  20 
minutes  before  the  estimated  time  of  completion  the  air  tube  is 
detached  from  the  nozzle,  and  a  half  minute  or  more,  depending 
upon  the  size  of  separation,  is  allowed  for  the  particles  suspended 
in  the  stack  to  settle  back  into  the  bulb.  The  latter  is  then 
removed  and  weighed.  It  is  then  replaced  on  the  stack  and  the 
analysis  is  continued  for  exactly  10  minutes,  after  which  the  bulb 
and  residue  are  again  weighed.  If  the  observed  loss  is  greater 
than  0.2  g,  the  analysis  is  continued  for  another  10  minutes, 
and  so  on  until  a  loss  of  0.2  g  or  less  has  been  observed  in  the  10- 
minute  interv^al.  The  analysis  is  then  completed,  and  the  total 
loss  computed  to  the  minute  when  approximately  0.02  g  was 
being  removed.  The  total  loss  is  expressed  in  percentage  of  the 
total  cement,  and  check  tests  usually  show  an  agreement  within 
0.5  per  cent. 
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Fig.  19. — Curves  showing  rate  of  removal  of  fine  material  in  air  analyses;  33}i-gram 
samples  used.  The  cement  from  which  these  curves  were  obtained  is  peculiar  in  having 
an  unusually  low  "flour^^  content  {o. 001-inch  grade)  in  comparison  with  the  quantities 
of  the  coarser  grades,  81  per  cent  passing  the  No.  200  sieve.  The  end  points  of  the 
analyses  are  indicated  by  crosses 
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Three  specimen  analyses,  exactly  as  made  and  entered  in  our 
records,  are  given  below : 

Cement  No.  406,«  0.001-inch  nozzle 

[Monday,  Dec.  7,  1914,  began  at  4.17  p.  m.] 

Weight  of  bulb 251.  10  g 

Weiglit  of  cement 2>2>-  ZZ 


Total 284.  43 

(Analysis  interrupted  at  4.43  p.  m.  and  continued  Dec.  8,  beginning  at 
8.58  a.  m.) 
Weight  of  bulb  and  residue  after  80  minutes  blow 274.  67 


Loss  in  80  minutes g 

Weight  of  bulb  and  residue  after  90  minutes  blow 274 


Loss  from  80th  to  90th  minute o 

Loss  in  90  minutes 9 

Weight  of  bulb  and  residue  after  100  minutes  blow 274, 


Loss  from  90th  to  looth  minute o. 

Rate  of  loss  in  90th  min o 

Total  loss  in  90  minutes 9 

=  29 
Cement  No.  406,  0.002-inch  nozzle 


76 
44 


23 

99 

27 


17 
02 

99  g 
91% 


[Dec.  8,  1914,  began  11.22  a.  m.] 

Weight  of  bulb 251.  10 

Weight  of  cement 50.  00 


Total 301.  10 

Weight  of  bulb  and  residue  after  90  minutes  blow 276.  44 


Loss  in  90  minutes 24.  66 

Weight  of  bulb  and  residue  after  100  minutes  blow 276.  18 


Loss  from  90th  to  looth  minute o.  26 

Loss  in  100  minutes 24.  92 

Weight  of  bulb  and  residue  after  no  minutes  blow 275.  95 


Loss  from  looth  to  i  loth  minute o.  23 

Loss  in  no  minutes 25.  15 

Weight  of  bulb  and  residue  after  120  minutes  blow 275.  77 

Loss  from  iioth  to  120th  minute 

Rate  of  loss  in  1 1  ith  minute 

Total  loss  in  1 1 1  minutes 


0. 

18 

0. 

02 

25- 

17 

=  50-  34% 

a  Cement  No.  406  is  one  of  the  standard  samples  furnished  by  the  Bureau  for  tests  of  No.  200  sieves. 
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Cement  No.  406,  0.003-inch  nozzle 

[Dec.  9,  1914,  began  10.30  a.  m.] 

Weight  of  bulb 251.  55  g 

Weight  of  cement 50.  00 

Total 301.  55 

Weight  of  bulb  and  residue  after  70  minutes  blow 272.  83 

Loss  in  70  minutes 28.  72 

Weight  of  bulb  and  residue  after  80  minutes  blow 272.  60 

Loss  from  70th  to  80th  minute o.  23 

Loss  in  80  minutes 28.  95 

Weight  of  bulb  and  residue  after  90  minutes  blow 272.  40 

Loss  from  80th  to  90th  minute o.  20 

Loss  in  90  minutes 29.  15 

Weight  of  bulb  and  residue  after  100  minutes  blow 272.  23 

Loss  from  90th  to  looth  minute c.  17 

Rate  of  loss  in  85th  minute o.  02 

Total  loss  in  85  minutes 29.  05 

=  58.  10% 

The  actual  records  are  of  course  in  more  condensed  form,  each 
step  in  the  above  analyses  being  fully  indicated  for  the  sake  of 
clearness.  The  operator  also  carefully  notes  the  time  of  begin- 
ning each  10- minute  check  test.  The  stopping  point  is  deter- 
mined by  simple  linear  interpolation  of  rates  and  is  approximate 
only,  but  quite  close  enough  for  all  practical  purposes.  This  is 
carried  out  as  follows  for  the  0.003-inch  separation:  0.023  g  is 
taken  as  the  rate  of  loss  at  the  seventy-fifth  minute,  0.020  g  as 
the  rate  at  the  eighty-fifth  minute,  and  0.017  §  ^t  the  ninety-fifth 
minute.  The  eighty-fifth  minute  is  therefore  taken  as  the  stop- 
ping point.  The  loss  in  80  minutes  was  28.95  §>  ^^^  the  rate  of 
loss  at  the  eightieth  minute  was  assumed  to  be  the  mean  rate 
between  the  seventy-fifth  and  eighty-fifth  minutes,  or  0.0215  g- 
Similarly  the  mean  rate  from  the  eightieth  to  the  eighty-fifth 
minute  is  G.0208  g  and  the  loss  from  the  eightieth  to  the  eighty- 
fifth  minute  is  5X0.0208,  or  o.io  g.  Hence  the  total  loss  in  85 
minutes  is  29.05  g.  While  this  procedure  illustrates  every  step  of 
the  process,  a  simple  inspection  is  generally  all  that  is  necessary 
to  determine  both  the  stopping  point  and  the  total  loss. 

The  foregoing  separations,  combined  with  the  fineness  as  deter- 
mined on  the  No.  100  and  No.  200  sieves,  give  a  division  of  the 
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cement  into  six  fractions.  These  fractions  can  be  compared  with 
similar  fractions  of  other  cements  obtained  in  the  same  way,  and 
thus  interesting  information  can  be  obtained  regarding  the  per- 
formance of  different  finishing  mills,  the  increase  in  the  finer 
grades  by  regrinding,  and  the  relation  between  the  amount  of  the 
0.00 1 -inch  grade,  which  may  be  provisionally  called  "flour,"  and 
the  amount  passing  the  No.  200  sieve,  which  is  the  present  method 
of  judging  the  fineness  of  different  cements. 

VII.  CALIBRATION  OF  THE  ANALYZER— METHODS  OF 
MEASURING  PARTICLES 

The  quantitative  separation  of  cement  into  fractions,  as  de- 
scribed in  the  preceding  section,  constitutes  an  analysis  which 
can  be  interpreted  only  with  reference  to  the  particular  appara- 
tus employed  and  is  not  an  absolute  mechanical  analysis.  The 
very  great  desirability  of  obtaining  comparable  analyses  of  a 
given  cement  from  different  analyzers  is  in  itself  sufficient  justifi- 
cation for  earnest  efforts  to  interpret  the  separations  in  terms  of 
size  of  particles,  and  if  this  can  be  accomplished  with  even  a  fair 
degree  of  success  it  carries  with  it  many  practical  advantages. 
For  example,  if  we  are  assured  that  an  analyzer  is  correct  in 
principle  both  as  to  construction  and  operation,  the  determina- 
tion of  its  sizes  of  separation  does  away  with  the  necessity  of 
knowing  or  referring  in  any  way  to  its  dimensions  or  to  the  details 
of  operation;  and  the  laborious  adjustment  of  many  parts,  which 
must  otherwise  be  carefully  constructed  and  tested  for  the  pur- 
pose of  obtaining  reliable  comparisons,  can  be  entirely  avoided. 
On  the  other  hand,  the  microscopic  study  of  particles  shows  that 
the  sizes  of  separation  are  not  entirely  dependent  on  the  analyzer 
but  depend  also  upon  the  peculiarities  of  the  cements  and  possibly 
other  conditions.  Thus  our  problem  is  to  determine  first  the 
nominal  sizes  of  separation  and  then  to  establish  in  so  far  as  pos- 
sible the  influence  of  various  factors  or  conditions  on  the  separa- 
tions. The  study  of  the  latter  part  of  the  problem  is  a  long  inves- 
tigation in  itself  and  is  logically  preceded  by  a  discussion  of  the 
methods  of  measuring  particles  and  a  selection  of  some  working 
method  which  may  be  either  regarded  as  a  standard  system  of 
measurement  or  reducible  to  a  standard  system.     The  method  of 
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calibrating  the  analyzer  which  we  have  provisionally  adopted  is 
entirely  covered  in  the  following  discussion  of  methods  of  meas- 
uring particles. 

Ambiguity  arises  from  the  fact  that  cement  particles  are  not 
spheres  but  irregularly  shaped  fragments  resembling  lumps  of 
coal  or  unground  cement  clinker.  The  true  sizes — that  is,  the  vol- 
umes— of  particles  can  therefore  only  be  approximately  deter- 
mined, and  the  most  feasible  method  appears  to  be  the  averaging 
of  a  large  number  of  microscopic  measurements  of  individual 
particles.  As  a  rule  the  length,  breadth,  and  thickness  of  par- 
ticles as  seen  on  a  microscopic  slide  are  fairly  definite  dimensions 
which  can  be  measured,  and  we  have  to  assume,  as  in  the  case  of 
larger  particles,  that  the  best  approximation  to  volume  is  obtained 
by  regarding  the  particles  as  ellipsoids  whose  axes  are  these  dimen- 
sions.    We  then  have  as  the  volume  of  the  particle 

V  =  '^LxBxT 
o 

where  L,  B,  and  T  are  the  observed  length,  breadth,  and  thick- 
ness. The  volume  of  an  equivalent  sphere  is  given  by  the  ex- 
pression 

o 
where  D  is  the  diameter;  and  from  these  two  relations 


D^^LxBxT 

in  which  D  is  taken  as  the  true  mean  diameter  of  the  particle. 
But  the  measurement  of  three  dimensions  of  fine  particles  is  too 
laborious  for  routine  calibrations,  and  it  is  desirable  to  find  out 
whether  some  simpler  system  of  measurement  can  not  be  adopted 
from  which  the  true  sizes  may  be  deduced  with  considerable 
accuracy. 

In  our  study  of  this  phase  of  the  problem  measurements  have 
been  made  on  several  thousand  particles  by  different  methods, 
but  not  all  the  sets  are  directly  comparable  and  additional  work 
needs  to  be  done.  Before  making  such  comparisons  as  are  possi- 
ble the  method  of  taking  the  slides  should  be  described.  When 
a  separation  has  been  completed,  as  described  on  page  32,  the 
collector   sack   is  opened  at  the  top  and  pushed  down  over  the 
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frame,  exposing  the  open  end  of  the  stack.  An  elliptical  piece  of 
cardboard  is  then  inserted  obliquely  into  the  top  of  the  stack  in 
such  manner  as  to  deflect  the  air  stream  almost  entirely  to  one 
side  of  the  copper  cone.  The  bulb  and  residue  are  then  replaced 
and  the  blow  continued  for  several  minutes.  In  order  to  obtain 
slides  of  the  desired  purity  it  is  essential  that  all  dust  be  first 
allowed  to  settle  in  the  vicinity  of  the  collector  and  that  the  ana- 
lyzer be  secure  from  the  slightest  jar.  The  slide  is  then  held  hori- 
zontally just  outside  and  below  the  rim  of  the  stack  on  the  side 
to  which  the  air  stream  is  deflected  by  the  card.  From  one  to  three 
minutes  are  usually  required  to  obtain  a  slide  having  the  desired 
number  of  particles. 

The  method  of  measurement  originally  adopted  by  us,  and  the 
method  by  which  most  of  our  measurements  have  been  taken, 
was  one  which  first  seemed  capable  of  giving  the  greatest  uniform- 
ity, although  it  does  not  represent  even  approximately  the  true 
size  of  separation.  In  this  method  the  diameters  of  the  largest 
particles  are  measured — that  is,  the  particles  which  appear  to  be 
largest — irrespective  of  their  orientation.  In  all  our  measure- 
ments a  Bausch  and  Lomb  petrographic  microscope,  v/ith  filar 
micrometer  eyepiece  and  mechanical  stage  attachment,  has  been 
used.  In  measuring  the  particle  diameters,  which  are  always 
taken  in  the  direction  of  travel  of  the  movable  cross  hair,  the 
latter  is  brought  tangent  first  to  one  edge  and  then  to  the  other, 
changing  the  focus  when  necessary  to  obtain  sharp  settings.  The 
difference  between  the  readings  of  the  micrometer  head  in  the  two 
positions,  multiplied  by  the  value  of  the  divisions  in  inches  or 
millimeters,  is  taken  as  the  diameter  of  the  particle. 

This  system  of  measurement  was  followed  for  more  than  two 
years,  for  we  believed  that  it  not  only  afforded  the  greatest 
uniformity  but  also  indicated  the  extreme  limiting  sizes  of  any 
given  separation.  We  have  recently  discarded  this  system,  how- 
ever, after  a  series  of  comparisons  with  other  methods,  in  favor  of 
an  average  measurement  of  all  the  particles  on  a  given  slide.  In 
the  latter  system  an  observer  starts,  let  us  say,  at  one  comer  of 
a  slide,  noting  the  readings  of  the  two  verniers  on  the  mechanical 
stage.  He  measures  the  particle  which  is  intersected  by  the  fixed 
cross  hair  nearest  the  center  of  the  field  and  then  moves  across 
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the  slide  measuring  particles  every  2  or  3  mm  in  a  similar  manner. 
The  slide  is  then  moved  along  a  certain  distance,  depending  upon 
the  total  number  of  measurements  desired,  and  another  line  of 
particles  across  the  slide  is  measured.  In  this  manner  the  entire 
slide  is  covered  and  an  average  diameter  of  the  particles  is  obtained 
from  a  purely  mechanical  selection. 

TABLE  1 

Uniformity  of  Results  in  Measuring  Maximum  Particles  and  Average  Particles 


Cement 

Grade 

Diameter  of  maximum  particles  by  3 
observers 

Diameter  of  average  particles  by  3 
observers 

P 

S 

G 

Range 

P 

S 

G 

Range 

406 

406 

100  mesh. . 
200  mesh. . 

0.003  inch. 
...do 

Inch 

0.  00929 

. 00528 

Inch 

0.  00893 

. 00510 

Inch 

0.  00860 

. 00485 

Inch 

0.  00069 
. 00043 

Inch 

0.  00786 
.  00414 

Inch 

0.  00812 
. 00439 

Inch 

0.  00781 
.  00430 

Inch 

0.  00031 
.  00025 

3008 

3296 

. 00286 
282 
292 
280 
269 
309 
303 
270 
268 

. 00296 
280 
280 
264 
289 
287 
284 
268 
268 

. 00307 
268 
289 
270 
298 
291 
304 
277 
276 

.  00021 
14 
12 
16 
29 
22 
20 
9 
8 

.  00221 
201 
208 
209 
216 
222 
216 
212 
217 

.  00235 
210 
234 
216 
215 
222 
221 
203 
226 

.  00227 
193 
213 
199 
213 
224 
223 
211 
225 

. 00014 
17 

3296 

...do 

26 

3457 

...do 

17 

3457 

...do 

3 

3693 

. ..do 

2 

3693 

...do 

7 

406 

...do 

9 

406 

...do 

9 

Mean . . 

. 00284 

. 00280 

. 00287 

.  00017 

.00214 

.  00220 

.00214 

.  00012 

0.002  inch. 
...do 

3008 

3003 

.  00203 
207 
204 
202 
188 
196 
210 
214 
190 
184 

. 00199 
203 
204 
202 
192 
200 
218 
207 
182 
180 

. 00206 
213 
199 
199 
198 
209 
200 
220 
187 
183 

.  00007 

10 

5 

3 

10 

13 

18 

13 

8 

4 

. 00150 
150 
143 
155 
143 
150 
165 
168 
142 
150 

.  00139 
166 
164 
168 
147 
161 
164 
163 
152 
152 

.  00148 
159 
145 
158 
141 
156 
157 
161 
151 
148 

.  00011 
16 

3296 

...do 

21 

3296 

...do 

13 

3457 

...do 

6 

3457 

...do 

11 

3693 

...do 

8 

3693 

...do 

7 

406 

...do 

10 

406 

...do 

4 

Mean . . 

.  00200 

. 00199 

.  00201 

.  00009 

. 00152 

.  00158 

. 00152 

00011 

0.001  inrh. 
...do 

3008 

3296 

.  00098 

101 

93 

96 

104 

105 

102 

94 

. 00112 

106 

103 

•   92 

100 

107 

98 

98 

.  00102 
98 
91 
98 
98 

109 
98 

100 

.  00014 
8 
12 
6 
6 
4 
4 
6 

. 00079 
74 
74 
77 
74 
76 
76 
72 

. 00078 
80 
70 
74 
75 
78 
81 
80 

.  00076 
73 
68 
76 
79 
80 
77 
72 

.  00003 
7 
6 
3 
5 
4 
5 
8 

3457 

...do 

3457 

...do 

3693 

...do 

3693 

...do 

406 

.  do 

406 

...do...  . 

Mean.. 

.  00099 

. 00102 

.  00099 

. 60008 

.  0C075 

. 00077 

.  00075 

.  00005 
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Table  i  contains  all  comparable  sets  of  measurements  made  by 
the  two  methods  described  in  the  foregoing  paragraphs.  In  gen- 
eral, each  line  of  the  table  contains  measurements  by  three 
observers  on  a  single  slide,  but  in  a  few  cases  on  two  similar  slides. 
Columns  i  and  2  contain  the  laboratory  numbers  and  the  nominal 
sizes  of  separation  of  the  cements  used;  columns  3,  4,  5,  7,  8,  and 
9  contain  the  individual  measiurements  by  three  observers,  each 
recorded  value  being  the  average  diameter  of  40  particles;  and 
columns  6  and  10  show  the  ranges  of  the  three  observers'  deter- 
minations in  the  two  methods  of  measurement. 

It  is  to  be  noted  that  from  the  average  ranges  for  each  grade 
that  in  all  cases  except  one  the  selection  of  average  particles  gives 
more  uniform  results  than  the  selection  of  the  largest  particles.  It 
w^as  anticipated  also  that  in  the  selection  of  the  largest  particles 
personal  differences  would  be  more  apt  to  appear  than  in  the 
mechanical  selection  of  average  particles.  In  our  earlier  meas- 
urements this  was  undoubtedly  the  case,  but  the  three  observers 
responsible  for  the  measurements  herein  reported  show  little  varia- 
tion in  the  selection  of  maximum  particles,  whereas  observ^er  S 
shows  slightly  higher  values  throughout  in  the  selection  of  average 
particles.  The  only  explanation  that  may  be  offered  to  account 
for  this  discrepancy  is  that  the  observer  had  had  no  previous 
experience  in  microscopic  measurements  and  in  the  earlier  part  of 
the  work  had  not  understood  that  the  focus  should  be  changed, 
if  necessary,  in  the  two  settings  on  each  particle.  This  probably 
resulted  in  slightly  larger  diameters,  and  may  account  for  the 
peculiarity  noted.  Certainly  only  very  slight  personal  differences 
should  be  looked  for  in  the  selection  of  average  particles,  as  indi- 
cated by  the  agreement  of  the  average  measurements  of  observers 
P  and  G. 

There  are  also  further  objections  to  the  selection  of  maximum 
particles  for  measurement,  one  of  the  most  obvious  being  the  failure 
of  this  system  to  indicate  the  true  size  of  separation.  It  has  also 
been  observed,  as  might  be  anticipated,  that  larger  diameters  are 
obtained  from  slides  thickly  covered  with  particles  than  from  thin 
slides,  and  low  magnifications  tend  to  yield  higher  results  than 
high  magnifications,  because  of  the  larger  field  of  the  former. 
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But  the  main  objection  to  this  system  has  been  brought  out  by 
three  dimensional  measurements,  which  estabUsh  quite  conclu- 
sively that  the  majority  of  the  apparently  largest  particles  as  seen 
in  a  plane  are  usually  lamellar  in  form  and  do  not  vary  so  greatly 
from  the  true  average  size  as  their  appearance  would  indicate. 
This  is  shown  by  the  comparison  of  results  presented  in  Tables  3 
and  4.  On  the  other  hand,  the  selection  of  particles  at  random — 
that  is,  the  average  selection  as  described  on  page  38  is  made 
without  the  mental  effort  required  in  the  other  system.  It  repre- 
sents more  nearly  the  actual  size  of  separation,  and  can  be  reduced 
to  the  true  size  if  desired  with  a  fair  degree  of  approximation.  It 
does  require,  however,  representative  slides  of  great  purity,  in 
the  making  of  which  every  precaution  must  be  taken  to  avoid 
contamination. 

Table  2  is  prepared  from  the  same  data  as  Table  i ,  but  contains, 
in  place  of  the  individual  observers'  measurements,  the  averages 
of  all.  Each  recorded  diameter  is  therefore  an  average  of  meas- 
urements on  120  particles.  The  last  column  shows  the  relation 
between  the  diameters  of  particles  of  the  same  grades  as  deter- 
mined by  the  two  systems  of  measurement,  an  average  value  of 
the  ratio,  average  diameter  to  maximum  diameter,  being  derived 
for  each  grade.  These  average  values  for  the  o.ooi-inch,  0.002- 
inch,  and  0.003-inch  grades — that  is,  for  the  air  separated  grades — 
are  in  very  good  agreement,  and  we  may  assume  the  value  0.765 
as  a  very  approximate  reduction  factor  from  the  older  system  of 
measurement  to  the  present  system.  As  previously  stated,  the 
sieve  separations  are  more  strictly  on  a  basis  of  absolute  size  than 
the  air  separations,  consequently  less  difference  between  maximum 
and  average  sizes  are  to  be  expected,  and  the  reduction  factors  are 
therefore  higher.  Furthermore,  the  No.  200  sieves  are  relatively 
much  less  uniform  than  the  No.  100  sieves,  and  the  reduction 
factor  for  the  loo-mesh  grade  is  therefore  higher  than  that  for  the 
2oo-mesh  grade. 

The  three  dimensional  measurements  have  thus  far  been  made 
by  one  observer,  but  it  is  highly  desirable  that  the  accuracy  and 
uniformity  of  such  measurements  be  checked  by  others.  We  hope 
that  this  phase  of  the  investigation  may  be  fiurther  extended,  for 
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the  information  to  be  obtained  from  these  studies  has  a  very- 
important  bearing  on  the  theory  of  elutriation  as  well  as  on  the 

TABLE  2 
Relation  Between  the  Diameters  of  Maximum  Particles  and  Average  Particles 


Cement 

Grade 

Diameters 
of  max- 
imum 
particles 

Diameters 

of  average 

particles 

Ratio, 

average 

diameter  to 

maximum 

diameter 

406 

100  mesh 

Inch 

0.  0GS94 
. 00503 

Inch 

0.  00793 
. 00428 

0.887 

406 

200  mesh 

.842 

0.003  inch 

3008 

. 00296 
277 
287 
271 
285 
296 
297 
272 
271 

.  00228 
201 
218 
208 
215 
223 
220 
209 
223 

.771 

3296 

do 

.726 

3296 

do 

.759 

3457 

do 

.768 

3457 

do 

.755 

3693 

do 

.754 

3693 

do 

.741 

406 

do 

.769 

406 

do 

.824 

Mean 

.  00283 

.00216 

.763 

0.002  inch 

3008 

.  00203 
208 
202 
201 
193 
202 
209 
214 
186 
182 

. 00146 
158 
151 
160 
144 
156 
162 
164 
148 
150 

.720 

3008 

do 

.760 

3296 

do 

.748 

3295 

do 

.796 

3457 

do 

.747 

3457 

do 

.773 

3693      

do 

.776 

3693 

do 

.767 

406 

do 

.796 

406 

do 

.825 

. 00200 

.  00154 

.771 

0.001  inch 

3008 

.  00104 

102 

96 

95 

101 

107 

99 

97 

. 00078 
76 
71 
76 
76 
78 
78 
75 

.750 

3296 

do 

.745 

3457 

do 

.740 

3457 

do 

.800 

3693 

do 

.752 

3693 

do 

.729 

406 

do 

.788 

406 

do 

.773 

Mean 

. 00100 

.  00076 

.760 

practical  Hmits  of  the  air  analyzer.  The  measurement  of  the 
length,  breadth,  and  thickness  of  a  particle  is  now  made  as  follows: 
For  the  length  and  breadth  measurements  the  ordinary  illumina- 


An  Air  Analyzer  to  Determine  Cement  Fineness  43 

tion  from  below  the  slide  is  used.  Our  mechanical  stage  does  not 
revolve,  therefore  in  order  to  bring  the  horizontal  wire  of  the 
micrometer  eyepiece  parallel  to  the  length  of  the  particle  the  eye- 
piece is  turned  and  the  length  is  then  measured  in  the  usual  manner. 
The  eyepiece  is  then  turned  through  90°,  approximately,  and  the 
tangent  positions  of  the  cross  hair  determine  the  breadth.  In 
order  to  measure  the  thickness  a  strong  side  illumination  is 
required,  this  being  provided  by  an  ordinary  40- watt  tungsten 
lamp  and  a  lens  which  concentrates  the  light  on  the  particles 
directly  beneath  the  microscope  objective. 

For  best  results  the  lamp  is  placed  slightly  above  the  level  of 
the  objective,  in  order  that  the  highest  points  of  the  particles  may 
be  strongly  illuminated.  The  microscope  is  first  focused  as  closely 
as  possible  on  the  top  surface  of  the  glass  slide  and  then  upon  the 
highest  point  of  the  particle,  the  difference  in  the  readings  of  the 
micrometer  head  of  the  focusing  screw  in  the  two  positions  giving 
the  thickness  of  the  particle.  This  measurement  of  thickness  is 
of  course  subject  to  relatively  large  error,  especially  on  the  very 
fine  particles.  Assuming  the  pitch  of  the  focusing  screw  to  be 
0.25  mm  (o.oi  inch),  the  thickness  of  the  o.ooi-inch  particles  is 
such  as  to  requiie  only  about  one-tw^entieth  of  a  turn  of  the  screw 
to  pass  from  the  bottom  to  the  top  of  the  average  particle.  Never- 
theless, if  the  observations  are  free  from  systematic  error,  the  mean 
of  a  large  number  should  give  a  fairly  dependable  result,  the 
approximate  accuracy  of  which  can  generally  be  checked  by 
indirect  methods.  In  these  measurements  we  are  practically 
limited  to  the  use  of  an  8  mm  objective,  for  the  working  distance 
of  our  4  mm  objective  is  too  small  to  allow  the  particles  to  be 
illuminated  from  the  side,  and  the  16  mm  objective  has  been 
found  to  give  too  high  values,  owing  to  the  relatively  slow  change 
in  focus.  A  high-power  objective  with  long  working  distance 
would  therefore  improve  the  thickness  determinations,  especially 
of  the  finer  grades. 

Tables  3  and  4  contain  practically  all  results  of  observations 
that  have  been  made  to  determine  the  length,  breadth,  and 
thickness  of  particles.  The  tables  are  arranged  in  the  same  man- 
ner as  Tables  i  and  2,  each  line  representing,  except  in  a  few  cases, 
the  average  length,  breadth,  and  thickness  of  50  particles  of  a  single 
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slide.     It  should  be  stated  that  the  values  in  the  sixth  columns, 


^h  X  B  X  T — that  is,  the  true  diameters — have  been  computed 
once  for  all  from  the  mean  values  of  L,  B,  and  T,  and  are  not 
the  means  of  ^'L  X  B  x  T  for  each  particle  separately.  This 
short  cut  has  eliminated  a  vast  amount  of  computation,  and  the 

TABLE  3 
Summary  of  Three  Dimensional  Measurements  on  Maximum  Particles 


Cement 

Grade 

L 

B 

T 

Vlxbxt 

Objec- 
tive 

Remarks 

406 

100  mesh 

do 

•Inch 

0.  00946 
983 

Inch 

0.  00770 
769 

Inch 

0.  00534 
534 

Inch 
0.  00730 
739 

16 
16 

16 
16 

16 
16 

16 
16 
16 
16 

8 
8 
8 
8 

8 
8 
8 
8 

Sieve  631. 

406 

Do. 

Mean .... 

.  00964 

.  00770 

.  00534 

.  00734 

200  mesh 

do 

406 

.  00534 
527 
564 
552 

.  00425 
416 
440 
445 

.  00235 
236 
224 
231 

.  00376 
373 
381 
384 

Sieve  576. 

406 

Do. 

421 

do 

Do. 

421 

do 

Do. 

Mean 

.  00544 

. 00432 

.  00232 

.  00378 

0.003  inch . . . 
do 

406 

.  00309 
303 
292 
303 

. 00251 
252 
240 
246 

.  00107 

102 

94 

98 

.  00202 
198 
187 
194 

7-foot  stack. 

406 

Do. 

406 

do 

6-foot  stack. 

406 

do 

Do. 

Mean .... 

.  00302 

.  00247 

a  .  00100 

a  .  00195 

0.002  inch . . . 
do 

406 

.  00214 
201 
200 
194 

.  00163 
161 
171 
165 

.  00062 
63 
72 
75 

. 00130 
127 
135 
134 

8-foot  stack. 

406 

Do. 

406 

do 

7-foot  stack. 

406 

do 

6-foot  stack. 

Mean 

.  00202 

.  00165 

.  00068 

. 00132 

0.001  inch . . . 
do 

406 

.  00107 
103 
107 
107 

.  00084 
82 
84 
84 

.  00039 
34 
36 
34 

.  00071 
66 
69 
67 

7-foot  stack. 

406 

Do. 

406 

do 

6-foot  stack. 

406 

do 

Do. 

Mean 

.00106 

. 00084 

.00036 

. 00068 

o  These  readings  are  questionable,  see  text,  pp.  44-46. 

values  given  probably  differ  by  a  negligible  amount  from  those 
obtained  by  the  longer  method.  It  will  be  noted  that  all  obser- 
vations on  air-separated  particles  made  with  the  i6  mm  objective 
are  regarded  as  questionable,  the  thickness  measurements  being 
undoubtedly  too  high.     This  is  indicated  in  Table  4  by  the  com- 
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parison  of  thickness  measurements  in  the  0.003 -inch  ^'^^  0.002- 

inch  grades,  where  it  is  observed  that  the  low  magnifications  give 

higher  values. 

TABLE  4 

Summary  of  Three  Dimensional  Measurements  on  Average  Particles 


Cement 

Grade 

L 

B 

T 

Vlxbxt 

Objec- 
tive 

Remarks 

406 

100  mesh 

200  mesh 

0.003  inch... 
do 

Inch 

0.  00845 
. 00466 

Inch 

0.  00703 
.  00368 

Inch 

0.  00553 
. 00298 

Inch 

0.  00690 
.  00371 

16 
16 

16 
8 

16 
8 
8 
8 

8 

16 
8 
8 
8 

8 
8 
8 

8 

Sieve  631. 

406 

Sieve  576. 

406 

. 00242 
231 
235 
245 
240 
233 

.  00176 
176 
173 
183 
176 
188 

a  .  00178 
137 
a  191 
133 
137 
125 

a  .  00197 
177 
0  198 
181 
180 
176 

5-loot  stack. 

406 

Do. 

3457 

do 

Do. 

3457 

do 

Do. 

3008 

do 

Do. 

3693 

do 

Do. 

Mean .... 

.  00237 

. 00181 

.  00133 

.00178 

0.002  inch . . . 
do 

406 

. 00164 
177 
168 
172 
174 

. 00123 
136 
127 
134 
135 

.  00108 

0  125 

90 

98 

95 

.  00129 

a  144 

124 

131 

131 

Do. 

3457 

Do, 

3457 

do 

Do. 

3008 

do 

Do. 

3693 

do 

Do. 



Mean .... 

.  00170 

.  00130 

.  00098 

.  00129 

0.001  inch . . . 
do 

406 

.  00086 
82 
90 
90 

.  00063 
59 
64 
64 

. 00056 
47 
52 
59 

.  00067 
61 
67 
70 

Do. 

3457 

Do. 

3008 

do 

Do. 

3693 

do 

Do. 

Mean 

.  00087 

.  00062 

. 00054 

.  00066 

fi  These  readings  are  questionable  and  not  included  in  meani,  see  text,  pp.  44-46. 

The  most  striking  result  of  comparisons  of  Tables  3  and  4  is 
brought  out  by  tabulating  the  average  true  diameters  of  the 
different  grades  of  all  cements  side  by  side  as  follows : 

True  Diameters  (VLxBxT) 


Grade 

Maximum 
particles 

Average 
particles 

100  mesh 

Inch 

0.  00734 
.  00378 
. 00195 
. 00132 
.  00068 

Inch 

0  0069(1 

200  mesh , 

. 00371 
. 00178 
.  00129 
. 00066 

0.003  inch 

0.002  inch 

0.001  inch 
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The  true  diameters  of  the  maximum  particles  are  seen  to  differ 
but  Httle,  relatively,  from  the  true  diameters  of  the  average 
particles,  except  in  the  0.003-inch  grade,  where  the  maximum 
diameter  appears  to  be  considerably  greater.  All  the  measure- 
ments on  the  maximum  particles  of  this  grade,  however,  were 
made  with  the  i6-mm  objective,  and  the  comparison  therefore 
corroborates  the  more  direct  evidence  from  Table  4  that  this 
objective  gives  too  high  values  when  used  for  thickness  determi- 
nations. The  same  objection  applies  to  the  use  of  the  i6-mm 
objective  on  the  sieve  grades,  but  here  the  relative  error  is  of 
course  smaller.  The  three  dimensional  measurements  thus  estab- 
lish the  fact  that  the  apparent  maximum  particles  are  but  little 
larger,  on  the  average,  than  the  average  particles,  from  which  we 
may  infer  that  the  apparent  maximum  particles  are  lamellar  in 
form.  In  fact,  many  of  these  particles  appear  under  ordinary 
observation  to  be  comparatively  thin,  if  one  may  judge  of  this  by 
their  relative  translucency. 

Hazen  has  stated  ^  that  in  examinations  of  sand  particles 
separated  by  elutriation  methods,  he  found  the  true  average 
diameter  of  such  particles  to  be  approximately  the  same  as  the 
shorter  diameter  as  seen  in  a  plane  in  the  ordinary  microscopic 
observations.  It  is  interesting  to  note  that  this  relation  holds 
very  closely  between  the  average  breadths  and  true  diameters 
recorded  in  Table  4.  This  is  more  readily  seen  by  the  following 
tabulation : 


Grade 

Breadth 

True 
diameter 

100  mesh 

Inch 

0.  00703 
. 00368 
. 00181 
.  00130 
.  00062 

Inch 
0. 00690 

200  mesh 

. 00371 

0.003  inch 

.  00178 

0.002  inch 

. 00129 

0.001  inch 

.  00066 

The  only  discrepancy  amounting  to  more  than  i  or  2  per  cent 
is  in  the  o.ooi-inch  grade,  which  confirms,  to  some  slight  extent, 

'Some  Physical  Properties  of  Sands  and  Gravels,  Allen  Hazen;   Twenty-fourth  Annual  Report  of 
Mass.  Board  of  Health,  1892. 
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the  suspicion  that  the  8-mm  objective  may  be  giving  too  high 
results  on  these  very  small  particles,  just  as  the  i6-mm  objective 
was  giving  too  high  values  on  the  coarser  grades.  Nevertheless, 
the  generally  excellent  agreement  between  these  figures  suggests 
the  abbreviated  method  of  simply  measuring  the  breadths  of 
average  particles,  a  method  which  avoids  the  laborious  measure- 
ments of  thickness  and  yet  gives  the  approximate  true  diameters. 
It  is  also  interesting  to  note  that  liquid  elutriations  of  sand  par- 
ticles can  apparently  be  compared  with  air  elutriations  of  cement 
particles  on  the  basis  of  absolute  size  without  reference  to  the 
apparatus  used  for  making  the  determinations. 

One  other  comparison  of  data  from  the  preceding  tables  may 
be  of  interest.  We  should  anticipate  that  the  methods  of  meas- 
urement described  on  page  38  would  yield  apparent  diameters 
which  are  approximately  the  mean  of  the  lengths  and  breadths 
of  the  same  or  similar  particles.  The  following  tabulation  of  the 
mean  values  for  the  different  grades  enables  this  comparison  to 
be  made  more  readily : 


Grade 

Apparent 
maximum 
diameters 
(Table  2) 

Mean  of 
length  and 
breadth, 
maximum 
particles 
(Table  3) 

Apparent 

average 

diameters 

(Table  2) 

Mean  of 
length  and 
breadth, 
average 
particles 
(Table  4) 

100  mesh 

Inch 

0.  00894 
. 00508 
.  00283 
.  00200 
.  00100 

Inch 

0. 00867 
. 00488 
.  00274 
. 00184 
.  00095 

Inch 
0.  00793 
. 00428 
. 00216 
. 00154 
. 00076 

Inch 

0  00774 

200  mesh 

. 00417 

0.003  inch 

00209 

0.002  inch 

.  00150 

0.001  inch 

00074 

These  values  show  that  if  the  apparent  diameters  of  particles 
are  measured  on  a  microscopic  slide  in  one  direction  without 
regard  to  the  orientation  of  the  particles,  the  results  obtained 
will  be  very  slightly  larger  than  the  mean  of  the  length  and 
breadth  measured  separately.  In  the  case  of  particles  selected 
at  random  this  difference  is  of  the  order  of  2  or  3  per  cent. 

95949°— 15 4 
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TABLE  5 
Relation  of  the  Apparent  Diameters  and  the  True  Diameters  of  Average  Particles 


Cement 

Grade 

Apparent 
diameters 
of  average 
particles 

True  diam- 
eters of 
average 
particles 

Ratio,  true 

diameter  to 

apparent 

diameter 

406 

100  mesh 

Inch 

0.  00793 
. 00428 

Inch 

0.  00690 
.  00371 

0.870 

406 

200  mesh 

.868 

0.003  inch 

3008 

.  00228 
.  00212 
.  00222 
.  00216 

.00180 
.  00181 
.  00176 
.  00177 

.789 

3457 

do 

.854 

3693 

do 

.794 

406              

do 

.820 

Mean 

. 00220 

.  00178 

.814 

0.002  inch 

3008                

.00152 
. 00150 
.  00163 
.  00149 

.  00131 
.  00124 
.  00131 
.  00129 

.862 

3457 

do 

.828 

3693         

do 

.804 

406 

do 

.866 

Mean 

.  00154 

.  00129 

.840 

0.001  inch 

3008 

. 00078 
.  00074 
.  00077 
. 00076 

.  00067 
.  00061 
.  00070 
.  00067 

.859 

3457              

do 

.825 

3693 

do 

.909 

406              

do 

.882 

Mean 

. 00076 

.  00066 

.869 

Table  5  contains  a  retabulation  of  all  the  comparable  data  in 
Tables  2  and  4  relating  to  the  average  or  random  selection  of 
particles  for  measurement.  The  last  column  of  the  table  contains 
the  ratios  of  the  true  diameters  to  the  apparent  diameters;  that 
is,  the  reduction  factors  for  the  latter  system  to  the  former.  It 
will  be  observed  that  the  mean  ratios  for  the  air-separated  grades 
show  a  fairly  regular  increase  in  the  factor  with  diminishing  size 
of  particle.  To  what  extent  this  is  a  true  increase  we  are  unable 
to  state  at  the  present  time.  It  is  conceivable  that  the  very  fine 
particles  may  have  less  tendency  than  the  coarser  particles  to  lie 
on  a  slide  in  their  most  stable  positions,  owing  to  possible  electrical 
or  other  attractions,  in  which  case  we  should  expect  to  find  less 
differences  between  the  apparent  and  true  diameters,  and  con- 
sequently a  higher  reduction  factor  for  the  smaller  particles. 
This  may  also  be  shown  by  tabulating  the  relative  proportions  of 
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the  mean  values  of  the  three  dimensions  of  the  air-separated  grades 
in  Table  4.     Thus,  we  have — 


Grade 

L 

B 

T 

Relative  pro- 
portions of 
L,  B,  and  T 

0.003  inch 

Inch 

0.  00237 
. 00170 
. 00087 

Inch 

0.  00181 
. 00130 
. 00062 

Inch 

0.  00133 
.  00098 
.  00054 

1:0.764:0.561 

0.002  inch 

1:0.766:0.576 

0.001  inch 

1:0.713:0.621 

These  proportions  are  somewhat  irregular,  but  they  do  indicate 
an  increase  in  the  proportionate  thickness  of  the  finer  particles. 
On  the  other  hand,  there  is  undoubtedly  a  tendency  to  overestimate 
the  thickness  by  a  more  or  less  definite  amount,  depending  on  the 
magnification,  this  amount  being  relatively  greater  for  the  smaller 
particles  if  the  same  magnification  is  used  throughout,  as  it  was 
in  these  observations.  We  are  inclined  to  believe,  therefore,  that 
while  there  may  be  a  real  increase  in  the  reduction  factor  for  small 
particles,  it  is  probably  not  as  great  as  indicated  by  the  results  in 
Table  5,  and  the  maximum  value  for  the  particles  included  in  these 
measurements  is  probably  not  over  0.85. 

Our  experience  has  indicated  that  certain  modifications  of  the 
method  of  meastuing  three  dimensions  of  microscopic  particles 
will  considerably  reduce  the  labor  of  such  observations  and  prob- 
ably give  equally  good  results.  For  example,  if  measurements  on 
50  particles  are  desired  to  determine  the  true  average  diameter  of 
the  particles  on  a  given  slide,  it  will  require  considerably  less  time 
and  energy  on  the  part  of  the  observer  if  he  measures  the  length 
and  breadth  on  one  set  of  50  particles  and  the  thickness  on  another 
set  of  50.  This  is  not  wholly  a  matter  of  convenience  for  the 
observer,  for,  in  general,  a  lower  magnification  is  better  adapted 
for  the  length  and  breadth  measurements  than  for  the  thickness 
measurements,  which  appear  to  require  the  highest  magnification 
that  can  be  used.  For  example,  a  particle  of  the  0.002-inch  grade 
requires  only  a  16  mm  objective  (total  magnification  125)  for  a 
sufficiently  accurate  measurement  of  length  and  breadth,  but  an 
8  mm  objective  (total  magnification  260),  or  preferably  a  4  mm 
objective  (total  magnification  560) ,  for  the  thickness  determination. 
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We  have  also  considered  the  use  of  a  micrometer  ocular  ruled  in 
O.I  mm  cross  section  for  the  length  and  breadth  determinations, 
but  have  not  yet  had  an  opportunity  to  test  its  usefulness.  It 
seems  probable  that  this  device,  if  found  adapted  to  these  meas- 
urements, will  save  considerable  time  in  calibration  work. 

The  comparisons  given  in  Tables  2  and  5  show  what  large  dis- 
crepancies may  arise  in  arbitrary  methods  of  measuring  and 
expressing  sizes  of  particles.  The  question  to  be  decided,  therefore, 
is  whether  it  is  more  desirable  to  report  the  mechanical  analyses 
obtained  with  the  air  analyzer  in  terms  of  the  apparent  sizes 
determined  by  routine  measurements,  or  to  report  them  in  absolute 
sizes  determined  by  three  dimensional  measurements,  trusting  in 
the  reliability  of  a  reduction  factor  to  reduce  apparent  sizes  to 
absolute  sizes  when  the  latter  are  not  directly  determined.  Theo- 
retically, we  should  deal  with  absolute  sizes;  practically  it  is  much 
more  convenient  to  determine  relative  sizes  by  a  simple  method 
of  measurement,  and  if  the  same  system  be  followed  in  all  analyses, 
there  should  be  no  objection  to  reporting  results  exactly  as 
obtained.  Thus,  in  ordinary  mechanical  analyses  of  sand  no 
attention  is  paid  to  absolute  sizes  of  grains  but  the  nominal  sizes 
of  the  screen  openings  are  taken  as  the  sizes  of  separation.  These 
nominal  openings  are  always  less  than  the  absolute  size  of  separa- 
tion, partly  because  some  screen  openings,  especially  in  the  finer 
sieves,  are  always  larger  than  the  nominal  opening,  partly  because 
the  nominal  size  corresponds  more  nearly  to  the  mean  of  the 
breadth  and  thickness  of  the  largest  particles  than  to  the  mean  of 
length,  breadth,  and  thickness.  These  two  factors  have  the  com- 
bined effect  of  making  the  nominal  screen  opening  correspond  very 
nearly  to  the  average  thickness;  that  is,  the  average  smallest 
dimension  of  the  particles  representing  the  size  of  separation. 
This  is  shown  by  data  in  Table  4,  in  which  the  thickness  of  the 
loo-mesh  and  200-mesh  particles  were  determined  as  0.00553  ^^^ 
0.00298  inch,  respectively,  the  nominal  loo-mesh  and  200-mesh 
openings  being  0.0055  and  0.0029  inch,  respectively.  In  the 
routine  measurements  of  microscopic  particles,  however,  the 
nominal  sizes  of  separation  are  very  approximately  the  mean  of 
the  length  and  breadth,  and  therefore  greater  than  the  absolute 
sizes.     In  general,  these  nominal  sizes  of  the  air- separated  grades 
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are  about  as  much  greater  than  their  true  sizes  as  the  true  sizes 
of  the  screened  particles  are  greater  than  their  nominal  sizes,  so 
that  if  the  sieve  grades  are  to  be  represented  together  with  the 
air-separated  grades  by  a  complete  mechanical  analysis  curve  the 
sizes  of  the  sieve  separations  must  be  taken  in  the  same  manner 
as  the  air-separated  grades  and  not  on  the  customary  basis  of 
nominal  screen  opening. 

Chiefly  on  account  of  the  simplicity  of  the  method  of  measure- 
ment described  at  the  bottom  of  page  38  we  have  adopted  this 
system  for  the  present  as  the  basis  of  our  mechanical  analysis 
curv^es  for  cement.  On  this  basis  the  nominal  sizes  of  separation 
for  the  present  analyzer,  as  obtained  from  the  mean  values  in 
Table  2,  are — 

Size  of  separation 
Grade  (Inch) 

100  mesh o.  00793 

200  mesh 00428 

0.003  inch .  ; 00216 

0.002  inch ,  00154 

o.ooi  inch 00076 

the  cements  from  which  these  values  v\^ere  derived  representing 
a  considerable  variation  in  physical  characteristics.  Compara- 
tively few  observations  have  been  made  on  the  sieve  separations, 
and  some  further  measurements  should  be  made  to  establish 
these  sizes  with  greater  certainty,  but  the  foregoing  values  are 
probably  quite  approximate.  It  should  be  noted  that  the  cali- 
brations on  the  different  cements  differ  appreciably,  though  not 
greatly,  from  each  other  and  that  the  nominal  sizes  given  above 
are  the  mean  values  obtained  from  a  large  number  of  observa- 
tions. For  practically  all  normal  cements  the  nominal  sizes  may 
be  considered  the  actual  sizes  of  separation;  only  in  special  inves- 
tigations will  it  be  necessary  to  calibrate  the  analyzer  from  meas- 
urements on  the  particular  material  under  observation. 

Fig.  20  shows  a  complete  mechanical  analysis  of  the  portion 
of  cement  No.  406  passing  the  No.  200  sieve,  which  may  be  con- 
sidered typical  of  normal  cements.  In  this  diagram  the  mechani- 
cal analysis  curve  is  plotted  in  the  usual  manner,  the  abscissae 
representing  the  sizes  of  separation  and  the  ordinates  represent- 
ing the  cumulative  percentage  of  total  material  below  the  corre- 
sponding size  of  separation.     The  curve  is  drawn  from  the  results 
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obtained  with  three  different  analyzers,  shown  at  5,  C,  and  Z?, 
Fig.  1 8.  Of  these  analyzers,  D  must  be  considered  the  standard. 
Analyzer  C  is  also  capable  of  good  separations  and  fairly  close 
calibration,  but  because  of  its  larger  stack  only  the  o.ooi-inch 
grades  and  the  0.002-inch  grades  were  obtained  with  it.  Analyzer 
B,  the  original  glass  apparatus,  gives  fairly  good  separations,  but 
is  not  adapted  to  close  calibration.  Because  of  its  narrow  stack, 
analyzer  B  gives  only  the  0.002  inch  and  0.003  inch  separations. 
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Fig.  20. — Fineness  curve  of  cement  No.  406  as  obtained  from  three  analyzers,  B,  C,  andD. 

{See  Fig.  18) 

It  is  also  observed  that  analyzer  D  would  give  a  better  distribu- 
tion of  its  separations  if  the  0.003-inch  nozzle  were  enlarged  so 
as  to  increase  the  corresponding  fraction  by  5  or  6  per  cent  of 
the  total  cement.  It  is  a  mere  coincidence  that  the  sizes  of 
separation  of  analyzers  C  and  D  are  very  close  together,  in  con- 
sequence of  which  the  fractions  obtained  with  them  are  in  very 
close  agreement.  The  points  obtained  from  analyzer  B  are  sub- 
ject to  greater  uncertainty,  owing  to  the  impossibility  of  obtain- 
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ing  pure  slides  for  calibration.     The  results  of  observations  giving 
the  data  for  the  curve  in  Fig.  20  are  recorded  in  Table  6. 

TABLE  6 

Data  Obtained  in  the  Mechanical  Analysis  of  Cement  No.  406,  from  Three  Analyzers. 

(See  Fig  18) 


Analyzer 

Grade 

Diameters  of  average  particles 

Per  cent 

P 

S 

G 

Average 
diameter 

of  total 
cement 

B              

Inch 

0.003 
.003 

Inch 

0.00233 
.  00229 

Inch 

0. 00258 

.  00260 

Inch 

0.  00256 
. 00258 

Inch 

0.  00249 

.  00215 
.  00143 
.  00149 
.00149 
.  00075 
.  00076 

63.10 

B -- 

63.20 

Mean 

.  00231 

.  00259 

.  00257 

63.15 

D.. 

.003 
.003 

.  00212 
.  00217 

.  00203         .  00211 
.  00226         .  00225 

58.30 

D..  

58.14 

Mean 

.  00214 

.  00214 

.  00218 

58.22 

B.. 

.002 
.002 

.  00139 
.  00148 

. 00144 
.  00139 

. 00138 
. 00149 

45.38 

B - 

45.76 

Mean  

.  00144 

.  00142 

. 00144 

45.57 

C. 

.002 
.002 

.  00138 
.  00150 

. 00140 
.  00156 

.  00144 
.  00163 

49.78 

c.        

49.34 

Mean  

.  00144 

.  00148 

.  00154 

49.56 

D.. 

.002 
.002 

.  00142 
.  00150 

.  00152 
. 00152 

.  00151 
. 00148 

50.52 

D 

50.22 

Mean 

,  00146 

.  00152 

.  00150 

50.37 

C. 

.001 
.001 

.  00073 
.  00070 

.  00076 
. 00077 

.  00073 
.  00079 

30.72 

c 

30.99 

Mean 

.  00072 

.  00076 

. 00076 

30.86 

D.. 

.001 
.001 

.  00076 
.  00072 

.  00081 
. 00080 

.  00077 
.  00072 

30.21 

D - 

30.66 

Mean 

.  00074 

.  00080 

. 00074 

30.44 

Summarizing,  briefly,  the  results  of  these  studies  on  particle 
measurements,  we  have  shown  that  it  is  possible  to  calibrate  the 
analyzer  simply  by  determining  its  sizes  of  separation,  without 
limiting  in  any  way  the  dimensions  or  the  operating  conditions  of 
the  apparatus.     The  sizes  of  separation  may  be  determined  and 
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expressed  in  various  ways,  that  which  has  been  adopted  being 
apparently  the  simplest  and  most  direct,  though  not  giving  the 
true  size  as  this  term  is  ordinarily  interpreted.  Should  it  be  found 
desirable  to  approximate  quite  closely  the  true  sizes  of  separa- 
tion, two  methods  of  doing  this,  aside  from  actually  making  the 
three  dimensional  measurements,  have  been  suggested — first,  an 
approximate  reduction  factor  has  been  determined  by  which  the 
true  sizes  may  be  computed  from  the  routine  measurements; 
second,  the  mean  true  diameter  of  a  set  of  particles  representing 
the  size  of  separation  is  very  approximately  the  mean  breadth  of 
these  particles,  a  measurement  which  can  be  made  without  diffi- 
culty, but  less  readily  than  the  routine  method  of  measuring 
diameters  without  regard  to  the  orientation  of  the  particles.  It 
should  finally  be  emphasized  that  the  success  of  this  routine 
method  of  calibration  depends  primarily  on  obtaining  representa- 
tive slides  of  the  greatest  possible  purity,  and  the  analyzer  must 
be  so  constructed  that  pure  slides  can  be  readily  obtained. 

VIII.  A    STUDY    OF    CONDITIONS  WHICH  MAY  INFLUENCE 
THE  SEPARATIONS  OF  THE  AIR  ANALYZER 

As  stated  in  the  preceding  section,  a  critical  study  of  the  possible 
sources  of  error  in  air  analysis  of  cements  is  a  long  investigation 
in  itself,  and  up  to  the  present  time  only  the  more  obvious  con- 
ditions which  might  affect  the  separations  have  been  investigated. 
It  is  intended  that  the  effects  of  these  conditions  and  their  rela- 
tion to  the  theory  of  air  elutriation  shall  be  further  studied. 

The  factors  or  conditions  which  are  most  likely  to  affect  the 
air  separations  may  be  included  in  three  groups — (i)  those  relating 
to  the  construction  of  the  analyzer,  (2)  atmospheric  conditions, 
(3)  variations  in  the  quantity  and  character  of  the  cement. 
Under  the  first  group  will  be  considered  the  influence  of  the  shape 
and  dimensions  of  the  apparatus  and  the  effects  of  abrasion. 
The  second  group  will  include  a  discussion  of  external  atmospheric 
conditions,  variations  in  the  working  pressure,  etc.  The  third 
group  includes  a  great  variety  of  conditions,  comparatively  few 
of  which  have  been  thus  far  investigated.  This  group  is  the 
most  important  and  at  the  same  time  the  most  difficult  to  cover 
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thoroughly,  and  the  results  to  be  presented  merely  indicate  what 
degree  of  reliability  may  be  placed  in  the  analyses  when  carried 
out  under  the  assumption  that  all  normal  cements  are  subject  to 
partition  on  the  same  basis. 

1.  CONDITIONS  INVOLVED  IN  THE  CONSTRUCTION  OF  THE  ANALYZER 

(a)  Shape  of  Bui^b,  Diameters  of  Nozzi^Es,  etc. — Variations 
in  these  parts  of  the  apparatus  have  already  been  discussed  on 
pages  27-29.  So  far  as  we  may  judge  from  experience,  these 
items  do  not  affect  the  separations,  provided  their  arrangement 
permits  the  air  stream  to  have  continued  or  intermittent  access 
to  the  entire  sample  of  cement.  Practically,  the  shape  of  the 
bulb  does  have  an  important  relation  to  the  amount  of  cement 
that  can  be  handled  with  the  minimum  air  stream,  and  indirectly, 
therefore,  determines  to  some  extent  the  minimum  size  of  separa- 
tion obtainable  with  a  given  diameter  of  stack.  The  diameters 
of  the  nozzles  do  not  need  to  be  accurately  determined  or  specified. 
It  has  been  our  custom  to  use  three  nozzles  whose  diameters  are 
approximately  in  the  ratio  of  1:2:3,  the  smallest  being  so  chosen 
that  the  size  of  its  separation  is  somewhere  near  the  limit  of  the 
"impalpable  powder."  From  the  dimensions  and  working  pres- 
sure of  our  present  apparatus  it  is  possible  to  compute  the  approxi- 
mate size  of  nozzle  for  any  desired  separation  in  any  apparatus  of 
this  type. 

ih)  Diameter  of  Stack. — It  was  stated  on  page  27  that  the 
stack  used  in  our  present  form  of  apparatus  (6.8  cm  internal 
diameter)  is  probably  quite  close  to  the  most  efficient  size  to  use 
for  three  well-distributed  separations  in  the  portion  of  normal 
cement  passing  the  No.  200  sieve.  The  reason  for  this  lies  in  the 
fact  that  any  particular  analyzer  of  this  type  is  better  adapted  to 
one  particular  size  of  separation  than  it  is  to  either  finer  or  coarser 
separations.  Thus,  in  order  to  avoid  unnecessary  abrasion  of  the 
cement  particles  by  the  action  of  the  air  stream,  the  energy  of  the 
latter  should  be  only  great  enough  to  insure  the  proper  circulation 
of  the  cement.  In  a  given  apparatus  with  a  given  working  pres- 
sure this  determines  the  air  delivery  and  consequently  the  velocity 
of  air  up  the  stack,  which  in  turn  determines  the  size  of  separation. 
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Greater  air  delivery  gives  a  larger  size  of  separation  but  more 
abrasion.  Smaller  air  delivery  will  not  handle  the  cement  prop- 
erly. Hence,  we  are  obliged  to  design  an  analyzer  which  is  best 
adapted  to  the  smaller  sizes  of  separation  desired,  at  the  same 
time  permitting  the  desired  range  in  sizes  to  be  attained  without 
excessive  abrasion.  In  our  apparatus  the  diameter  of  the  stack  is 
practically  a  minimum  for  the  0.001 -inch  grade,  and  as  will  be 
shown  under  the  discussion  of  abrasion  effects,  nearly  a  maximum 
for  the  0.003-inch  grade. 

(c)  Length  of  Stack. — Since  the  separation  of  finely  divided 
materials  by  elutriation  methods  depends  on  the  " floating  power" 
of  the  different  particles,  we  should  anticipate  that  the  length  of 
the  analyzer  stack  beyond  a  certain  minimum  would  not  greatly 
affect  the  separations.  However,  it  can  hardly  be  presumed  that 
particles  just  capable  of  suspension  in  a  given  air  stream  remain 
stationary.  It  is  much  more  probable  that  toward  the  end  of  an 
analysis  many  particles  are  oscillating  irregularly  in  all  parts  of 
the  separating  chamber.  Consequently,  if  the  air  stream  is 
retarded  slightly  by  friction  near  the  wall  of  the  stack,  the  longer 
the  latter,  the  more  opportunity  the  particles  might  have  to  fall 
back,  and  we  should  therefore  anticipate  that  a  long  stack  would 
either  give  slightly  smaller  percentages  than  a  short  stack  on  a 
given  separation  or  require  a  longer  time  for  the  completion  of 
the  analysis.  It  is  also  desirable  to  have  the  stack  as  short  as 
possible  for  the  sake  of  compactness  and  convenience  in  setting 
up.  We  therefore  carried  out  a  series  of  analyses  in  which 
all  operating  conditions  were  kept  as  constant  as  possible,  but 
with  diminishing  lengths  of  stack.  Our  present  form  of  analyzer 
was  originally  constructed  as  described  in  Section  IV,  except  that 
the  original  length  of  the  stack  was  8  feet  instead  of  5  feet.  Two 
complete  analyses  were  made  of  the  same  carefully  mixed  cement 
with  this  stack,  the  length  was  then  reduced  to  7  feet,  and  two 
complete  analyses  of  the  cement  were  again  made.  This  process 
was  repeated  on  a  6-foot  stack  and  finally  on  the  5-foot  stack. 
The  results  of  these  analyses  are  given  in  Tables  7  and  8. 
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TABLE  7 
Results  of  Observations  Made  to  Determine  Effect  of  Length  of  Analyzer  Stack 


Length  of  stack,  in  feet 

Grade 

Test 
No. 

Average 
diameter  of 
maximum 

particles 

Per  cent 
of  total 
cement 

Time  of 
analysis 

8 

Inch 

0.001 

.001 

1 
2 

Inch 

0.  00092 
94 

29.46 
29.79 

Minutes 

101 

8 - 

112 

Mean 

. 00093 

29.62 

106 

.002 
.002 

1 
2 

8.. 

.00187 
193 

50.88 
50.96 

140 

8 

144 

Mean 

.  00190 

50.92 

142 

.003 
.003 

1 
2 

8.. 

. 00285 
286 

59.90 

59.10 

90 

8 

89 

Mean 

. 00286 

59.50 

90 

.001 
.001 

1 
2 

.  00094 
95 

29.61 
29.73 

111 

112 

Mean 

.  00094 

29.67 

112 

.002 
.002 

1 
2 

.  00188 
.  00182 

50.42 
50.48 

140 

130 

Mean 

.  00185 

50.45 

135 

.003 
.003 

1 
2 

.  00282 
273 

59.10 
59.20 

113 
90 

Mean 

. 00278 

59.15 

102 

.001 
.001 

1 
2 

6.. 

. 00098 
100 

29.88 
30.00 

97 
98 

6 

Mean 

.  00099 

29.94 

98 

.002 
.002 

1 
2 

6.. 

.  00186 
187 

50.94 
50.90 

130 
130 

6 

Mean 

. 00186 

50.92 

130 

.003 
.003 

1 
2 

6.. 

. 00267 
276 

59.00 
58.92 

101 
93 

6 

Mean 

. 00272 

58.98 

97 

.001 
.001 

1 
2 

5.. 

.  00095 
100 

30.21 
30.66 

95 

104 

5 1 

Mean 

. 00098 

30. 44       1 

100 
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TABLE  7— Continued 


Results  of  Observations  Made  to  Determine  Effects  of  Length  of  Analyzer  Stack- 
Continued 


Length  of  stack,  in  feet 

Grade 

Test 
No. 

Average 
diameter  of 
maximum 

particles 

Per  cent 
of  total 
cement 

Time  of 
analysis 

5 ". 

Inch 

.002 
.002 

1 
2 

Inch 

.00181 
183 

50.52 
50.22 

Minutes 
116 

5 

120 

Alean .... 

.  00182 

50.37 

118 

.003 
.003 

1 
2 

5 

.  00272 
269 

58.30 
58.14 

90 

5 

90 

Mean 

. 00270 

58.22 

90 

In  Table  7  the  individual  results  of  the  two  independent  analyses 
are  given  in  order  to  show  the  general  agreement  of  repeated 
separations  and  calibrations.  All  the  results  are  given  exactly  as 
obtained,  and  it  w^ill  be  noted  that  in  only  one  case  do  the  separa- 
tions fail  to  agree  witihin  a  few  tenths  of  i  per  cent.  The  cali- 
brations w^ere  made  according  to  the  original  system  of  measuring 
maximum  particles  and  are  in  fair  agreement.  Each  recorded 
diameter  is  the  mean  of  120  determinations,  40  by  each  of  tliree 
observers. 

TABLE  8 
Summary  of  Results  of  Observations  to  Determine  Effect  of  Length  of  Analyzer  Stack 


Length  of 
stack 
in  feet 

0.001-inch  grade 

0.002-inch  grade 

0.003-inch  grade 

Size  of 
particles 

Per  cent 
of  total 
cement 

Time  of 
analysis 

Size  of 
particles 

Per  cent 
of  total 
cement 

Time  of 
analysis 

Size  of 
particles 

Per  cent 
of  total 
cement 

Time  of 
analysis 

8 

Inch 

0.  00093 
94 
99 
98 

29.6 
29.7 
29.9 
30.4 

Min. 

106 

112 

98 

100 

Inch 

0.  00190 
185 
186 
182 

50.9 
50.4 
50.9 
50.4 

Min. 

142 
135 
130 
118 

Inch 
0.  00286 

278 
272 
272 

59.5 
59.2 
59.0 
58.2 

Min. 

90 

7 

102 

6 

97 

5 

90 

The  summary  in  Table  8  enables  us  to  draw  the  general  conclu- 
sion that  the  length  of  the  analyzer  stack  beyond  a  certain  mini- 
mum does  not  greatly  affect  the  mechanical  analyses.  There 
seems  to  be  a  tendency  for  the  o.ooi-inch  particles  to  increase  in 
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size  with  diminishing  stack,  but  the  percentage  of  this  grade 
increases  at  the  same  time.  On  the  other  hand,  the  0.003-inch 
particles  appear  to  decrease  in  size  with  diminishing  stack,  the 
percentage  of  this  grade  also  diminishing.  The  time  required  for 
separations  are  irregular  and  may  depend  more  on  atmospheric 
or  other  conditions  than  upon  the  length  of  stack.  Possibly  the 
analyses  are  completed  a  little  sooner  with  the  shorter  lengths. 
It  is  intended  later  to  continue  this  series  beyond  the  minimum 
permissible  length  of  stack.  At  present  we  are  unable  to  account 
for  the  slight  apparent  changes,  and  are  not  convinced  that  f urtlier 
observations  Will  confirm  these  changes. 

{d)  Abrasion  Effects. — It  will  have  been  inferred  from  the 
description  of  the  analyzer  and  its  operation  that  the  air  delivery 
varies  approximately  as  the  square  of  the  size  of  separation,  and 
consequently  the  energy  of  the  air  stream  varies  in  much  the 
same  manner.  Now,  the  greater  the  energy  of  the  air  stream 
the  greater  the  abrasion  of  the  particles  in  the  residue,  and  we 
are  therefore  interested  in  determining  the  actual  effect  of  abra- 
sion in  the  coarsest  separation.  We  have  attempted  to  determine 
the  effects  of  abrasion  in  two  ways — first,  by  blowing  a  sample 
with  the  0.003 -inch  nozzle  for  many  hours  and  noting  the  final 
rate  of  loss;  second,  by  carrying  an  analysis  through  the  suc- 
cessive grades  on  a  single  sample  of  cement,  and  comparing  these 
results  with  analyses  made  in  the  usual  way,  in  which  fresh 
samples  are  used  for  each  separation.  The  rates  of  loss  during 
successive  hours  in  the  0.003-inch  separation  of  a  50  g  sample  of 
normal  cement  Avere  as  follows: 

Grams 

Loss  during  third  hour o.  76 

Loss  during  fourth  hour 42 

Loss  during  fifth  hour 23 

Loss  during  sixth  hour 24 

Loss  during  seventh  hour 22 

Loss  during  eighth  hour 17 

Loss  during  ninth  hour i^ 

From  the  ninth  to  eleventh  hours  the  loss  was  sensibly  con- 
stant, and  we  may  assume  the  value  of  0.15  g,  or  0.3  per  cent, 
as  the  loss  per  hour  due  to  abrasion.  In  the  second  test  de- 
scribed above,  the  first  analysis  was  performed  on  fresh  samples; 
the  second  was  carried  out  by  blowing  the  0.00 1 -inch  residue 
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with  the  o. 002-inch  nozzle,   and  finally  the  0.002-inch  residue 
with  the  0.003-inch  nozzle.     The  results  obtained  were  as  follows: 


Per  cent  blown  from  fresh  samples. 
Per  cent  blown  from  single  sample. 


0.001  inch 


30.84 
30.68 


0.002  inch 


0.003  inch 


51.10  58.56 

51.08  59.82 


These  results  have  been  confirmed  by  other  determinations. 
The  total  time  required  for  the  complete  analysis  on  the  single 
sample  was  six  hours,  indicating  an  average  rate  of  loss  of  about 
0.2  per  cent  per  hoiu-.  This  rate  is,  of  course,  lower  than  it 
would  be  for  the  0.003-inch  blow  alone  and  roughly  confirms 
that  obtained  by  the  other  method.  The  actual  time  required 
for  the  0.003-inch  separation  on  a  normal  sample  is  about  1^2 
hoiu's,  and  the  maximum  loss  due  to  abrasion  is  therefore  prob- 
ably not  greater  than  0.5  per  cent.  For  ordinary  purposes  this 
loss  can  be  neglected,  but  allowance  can  be  made  for  it  if  desired. 

2.   ATMOSPHERIC  CONDITIONS 

(a)  Temperature  and  Barometric  Conditions. — No  certain 
effects  on  the  separations  due  to  variations  in  atmospheric  pres- 
sure and  temperature  have  thus  far  been  detected,  and  if  these 
have  been  at  all  appreciable  their  effects  have  been  attributed 
to  errors  of  observation.  These  conditions  enter  the  problem 
only  in  their  relation  to  the  density  and  viscosity  of  the  air, 
as  the  working  pressure  is  maintained  at  a  fixed  point  above 
atmospheric  pressure,  regardless  of  the  actual  barometric  height. 
Theoretically,  the  density  enters  chiefly  to  alter  the  velocity  of 
the  air  delivered  by  the  nozzles,  while  the  viscosity  enters  chiefly 
in  the  carrying  power  of  the  air.  The  maximum  effect  on  the 
separations  would  probably  be  observed  when  the  barometer 
was  low  and  the  thermometer  high,  but  no  observations  have 
been  made  as  yet  for  the  definite  purpose  of  establishing  this 
relation. 

(6)  Humidity. — Comparative  analyses  with  the  air  analyzer 
have  been  made  under  widely  varying  conditions  of  humidity,  and 
the  results  have  indicated  that  there  is  no  necessity  for  the  use  of 
moisture  absorbers  in  the  air  supply.  In  fact,  if  the  air  is  very 
dr}^,  or  if  close  to  the  saturation  point,  the  analyzer  does  not 
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function  as  well  as  it  does  under  normal  atmospheric  conditions. 
In  the  former  case  there  is  a  noticeable  electrical  effect  in  the  bulb, 
the  dust  adhering  strongly  to  the  glass,  and  the  analysis  generally 
requiring  a  longer  time.  When  the  humidity  is  very  high  there 
is  more  sticking  of  the  dust  in  the  upper  part  of  the  stack.  Neither 
of  these  conditions,  however,  interfere  seriously  with  the  working 
of  the  analyzer,  nor  do  they  appear  to  affect  the  results  appreciably. 

(c)  Variations  in  the  Pressure  of  the  Air  Suppi^y. — Theo- 
retically, the  velocity  of  air  from  the  nozzles  varies  as  the  square 
root  of  the  pressure  in  the  reservoir.  For  small  variations  in 
pressure,  therefore,  we  should  expect  the  corresponding  variations 
in  the  air  stream  to  be  about  one-half  as  great.  But  the  size  of 
separation  varies  approximately  as  the  square  root  of  the  air 
velocity,  hence  we  should  anticipate  that  small  changes  in  pres- 
sure in  the  reserv^oir  would  have  a  negligible  effect  on  the  separa- 
tions. This  has  been  confirmed  experimentally  by  making 
comparative  analyses  at  normal  pressure,  at  5  per  cent  below 
normal,  and  at  5  per  cent  above  normal.  The  following  per- 
centages of  "flour"  were  obtained  from  a  normal  cement  under 
these  conditions: 

Per  cent. 

Pressure  5  per  cent  above  normal 30.  $1 

Pressure  normal 29.  94 

Pressure  5  per  cent  below  normal 29.  67 

These  figures  show  that  a  difference  of  10  per  cent  in  pressure 
produced  only  about  i  per  cent  difference  in  the  finest  fraction. 
It  is  therefore  quite  safe  to  assume  that  small  variations  in  pressure 
may  be  neglected  in  the  operation  of  the  analyzer. 

(d)  Eddy  Currents,  Impulses,  and  Lack  of  Uniform  Veloc- 
ity IN  THE  Stack. — The  observations  recorded  in  Tables  7  and  8 
furnish  the  only  information  available  at  the  present  time  on 
possible  effects  arising  from  the  general  turbulence  in  the  bulb  and 
lower  part  of  the  separating  chamber.  It  is  presumed  that  pulses 
and  eddy  currents  gradually  disappear  as  the  air  stream  rises  in 
the  separating  chamber,  and  that  the  impulses  imparted  to  coarse 
grains  of  the  residue  are  not  sufficient  to  carry  excessively  large 
particles  into  the  collector.  Friction  of  the  air  stream  at  the 
wall  of  the  stack  may  conceivably  produce  a  slightly  higher 
velocity  at  the  center,  but  the  observations  are  not  conclusive  on 
this  point. 
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3.  VARL\TIONS  IN  THE  QUANTITY  AND  CHARACTER  OF  THE  CEMENT 

(a)  Size  of  Sampi^e — A  number  of  comparable  analyses  have 
been  made  to  determine  whether  the  size  of  sample  has  any  effect 
upon  the  apparent  percentage  value  of  the  various  fractions.  Dif- 
ferences might  be  looked  for  in  view  of  the  arbitrary  method  of 
determining  the  stopping  points,  which  in  otir  work  are  indicated 
by  a  rate  of  loss  of  0.02  g  per  minute  for  the  standard  50  g  sample. 
The  following  results  were  obtained  with  analyzers  C  and  D  (see 
Fig.  18): 


Axialyzer 

Cement 

Grade 

Size  of 
sample 

Per  cent 
of  total 
cement 

Time  of 
analysis 

D 

X 

z 

y 
y 

z 
z 
z 
z 
z 

Inch 

0.001 
.001 
.001 
.001 
.001 
.001 
.001 
.002 
.002 

Grams 

50.00 
33.33 
50.00 
33.33 
50.00 
33.33 
25.00 
50.00 
25.00 

30.54 
30.42 
34.72 
34.68 
30.90 
30.84 
30.72 
50.62 
50.80 

Minutes 
151 

D 

100 

C 

110 

C 

76 

C 

95 

C 

68 

C 

55 

C 

97 

C 

57 

The  foregoing  results  indicate  a  very  slight  and  negligible 
tendency  to  obtain  higher  percentages  with  the  larger  samples. 
The  end  points  in  all  these  analyses  were  determined  by  the 
same  rate  of  loss,  and  the  agreement  was  quite  unexpected  before 
these  and  similar  observations  demonstrated  that  for  all  practical 
purposes  analyses  of  samples  ranging  from  25  to  50  g  would  give 
concordant  results  with  exactly  the  same  criterion  for  completion. 
It  may  be  noted,  however,  that  the  time  of  the  analysis  is  roughly 
proportional  to  the  size  of  sample  in  a  given  analyzer,  and  for 
different  samples  the  more  finely  ground  material  requires  a 
longer  time.  If  samples  of  the  same  size  are  used  for  the  three 
separations  in  a  given  analyzer,  the  times  decrease  with  increas- 
ing size  of  separation.  For  example,  in  analyzer  D  the  complete 
o. 001 -inch  separation  of  a  50-g  sample  requires  normally  150 
minutes,  the  0.002-inch  separation  about  120  minutes,  and  the 
0.003-inch  separation  about  90  minutes.  Below  are  given  com- 
parative results  of  "flour"  determinations  on  small  samples  of 
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different  sizes  in  a  bulb  formerly  used  with  analyzer  D  but  later 
broken. 


Size  of  sample  in  grams 

Per  cent  of 
total  cement 

Time  of 
analysis 

25.00 

27.44 
27.95 
29.34 
28.72 
28.60 
28.56 

Minutes 
100 

20.00                            

70 

16.67 

65 

12.50                     

46 

10.00 

36 

8.33                           

30 

These  results  are  in  very  fair  agreement  for  the  amounts  used, 
the  last  three  in  particular  agreeing  much  more  closely  than  the 
conditions  warrant.  The  variation  in  the  first  three  analyses  is 
more  normal  and,  in  general,  the  variation  is  greater  for  smaller 
samples. 

(6)  Specific  Gravity. — The  varying  specific  gravity  is  un- 
doubtedly the  most  important  item  to  be  considered  in  relation 
to  its  effect  on  the  analyzer  separations.  Theoretically,  the  size 
of  separation  varies  inversely  as  the  square  root  of  the  specific 
gravity,  other  conditions  remaining  unchanged;  and  as  we  must 
deal  with  a  range  of  at  least  10  per  cent  in  the  specific  gravity 
of  various  sized  particles,  we  may  expect  to  find  corresponding 
discrepancies  of  5  per  cent  in  the  sizes  of  separation.  The  varied 
specific  gravity  of  different  cements  and  of  the  various  sizes  of 
particles  of  a  nonhomogeneous  material  like  cement  is  an  abso- 
lutely unavoidable  source  of  error  in  every  elutriation  process, 
but,  if  necessary,  calibrations  can  be  made  in  important  cases, 
these  calibrations  requiring  but  little  more  time  than  the  actual 
analyses  as  now  carried  out.  Many  observations  on  cements  of 
different  gravities  will  be  required  to  establish  with  certainty 
the  limitations  of  the  analyzer  in  .this  respect;  that  is,  to  estab- 
lish the  probable  range  in  sizes  of  separation  of  any  one  grade. 
At  present  the  available  data  simply  indicate  what  order  of 
error  may  arise  if  this  and  other  variables  are  not  taken  into 
account. 

The  cements  from  which  the  data  of  Tables  i  to  5  have  been 
collected  were  chosen  particularly  because  they  represent  a  con- 
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siderable  variation  in  physical  characteristics.  The  pertinent 
characteristics  of  four  of  these  cements  and  the  results  of  the 
analyzer  separations  and  calibrations  are  given  in  the  following 
table : 

TABLE  9 

Results  of  Analyzer  Separations  and  Calibrations  on  Cements  of  Different  Specific 

Gravities 


Cement 


3008, 


3296. 


3457. 


3693. 


Grade 


Original  condition 


Specific 

gravity 


3.00 


3.13 


3.24 


3.12 


Ignition 
loss 


Per  ct. 

5.54 

2.97 
0.62 
2.12 


Size  of 
separation 


Per  cent 
of  total 
cement 


33.54 
54.26 
63.02 
29.55 
47.48 
55.46 
28.80 
47.90 
56.94 
28.74 
46.74 
54.30 


After  treatment 


Specific 
gravity 


(?)a 


(?)o 


3.22 


3.10 


Ignition 
loss 


Per  ct. 
0.46 

0.26 

1.22 

3.04 


Size  of 
separation 


Per  cent 
of  total 
cement 


32.19 
52.60 
61.48 
27.24 
46.32 
54.42 
28.26 
47.96 
56.62 
27.93 
45.78 
53.84 


O'  Unfortunately  these  samples  were  accidentally  destroyed  before  the  specific  gravities  were  redeter- 
mined. 

Cement  No.  3008  has  abnormally  low  gravity  and  high  ignition 
loss,  and  fails  to  meet  the  ordinary  specifications.  It  appears  to 
be  an  old  sample,  or  else  to  have  been  unduly  exposed.  Cement 
No.  3457  has  high  gravity  and  low  loss,  and  appears  to  be  fresh 
from  the  mill.  Cements  Nos.  3296  and  3693  are  more  nearly 
normal,  the  latter  being  ditinguished  by  certain  peculiarities  in 
manufacture.  All  the  cements  were  tested  in  the  analyzer  in 
their  original  condition,  and  calibrations  of  the  separations  were 
made.  Portions  of  Nos.  3008  and  3296  were  ignited  at  about 
900°  C  and  again  tested  and  calibrated.  Portions  of  Nos.  3457 
and  3693  were  exposed  to  the  atmosphere  for  about  six  weeks, 
during  which  time  the  average  humidity  was  fairly  high,  and  again 
tested  and  calibrated.  The  results  of  these  retests  are  given  in 
the  last  four  columns  of  Table  9. 
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It  was  anticipated  that  the  tests  of  the  ignited  samples  would 
show  lower  percentages  and  smaller  sizes  of  separation  than  the 
original  samples,  especially  in  the  0.001 -inch  grade.  The  per- 
centages of  the  various  fractions  are  seen  to  be  lower,  but  the  sizes 
of  separation  are  apparently  higher.  This  must  be  attributed  to 
the  blasted  condition  of  the  particles  whose  edges  were  so  serrated 
after  the  heat  treatment  that  accurate  measurements  could  not 
be  made  under  the  microscope.  It  was  also  anticipated  that  the 
tests  of  the  exposed  samples  would  show  higher  percentages  and 
larger  sizes  of  separation  than  the  original  samples,  especially  in 
the  0.001  -inch  grade.  The  sizes  of  separation  are  seen  to  be  slightly 
higher,  but  the  percentages  are  generally  lower.  This  must  be 
attributed  to  the  damp  condition  of  the  samples  when  retested, 
which  probably  prevented  clean  separations  in  the  analyzer.  We 
are  not  wholly  satisfied  with  this  explanation,  however,  for  the 
0.003 -inch  particles  appear  under  the  microscope  to  be  only  very 
slightly  affected  by  either  treatment.  It  would  undoubtedly  be 
safer  at  the  present  time  to  disregard  the  results  on  the  treated 
samples,  simply  on  the  groimd  that  all  of  them  were  tested  in  a 
condition  not  encountered  in  normal  tests. 

Referring  to  the  original  tests,  it  is  to  be  noted  that  the  sizes  of 
separation  of  the  0.00 1 -inch  grade  vary  inversely  as  the  average 
specific  gravities.  In  general  this  is  as  it  should  be,  for  undoubt- 
edly the  large  differences  in  gravity  are  to  be  attributed  to  the  con- 
dition of  the  finest  particles  and  not  of  the  cement  as  a  whole. 
Hence,  no  definite  relation  can  be  sought  between  the  average  spe- 
cific gravity  of  a  cement  and  the  sizes  of  its  coarser  particles;  in 
fact,  the  only  proper  method  of  studying  this  problem  is  to  compare 
the  true  sizes  of  separation  with  the  gravities  of  the  separate  frac- 
tions. Even  this  is  likely  to  lead  to  error  in  the  "flour"  fraction, 
of  which  the  average  gravity  may  be  appreciably  less  than  that  of 
the  largest  particles  of  the  fraction.  The  labor  of  carrying  out 
this  investigation  in  the  manner  suggested  is  great,  and  perhaps 
it  is  better  for  the  present  to  accept  the  theoretical  effects  of  gravity 
as  the  actual  effects  than  to  try  to  establish  them  experimentally. 

The  figures  in  the  fifth  column  of  Table  9  show  a  range  of 
10  per  cent  or  more  in  the  corresponding  sizes   of  separation. 
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In  view  of  the  fact  that  the  cements  chosen  cover  nearly  the  nor- 
mal range  of  specific  gravity  we  may  assume  that  this  lo  per  cent 
range  represents  approximately  the  limits  of  uncertainty  in  the 
size  of  separation  with  a  given  nozzle.  This  means  that  the  sizes 
of  separation  may  vary  in  extreme  cases  about  5  per  cent  from  the 
nominal  sizes,  and  by  referring  to  the  typical  fineness  curve  in  Fig. 
20  it  is  possible  to  determine  what  error  may  be  expected  in  estimat- 
ing the  percentage  of  any  given  fraction  from  its  size  of  separation. 
If  one  does  this  on  a  carefully  plotted  curve,  he  will  find  that  an 
error  of  5  per  cent  in  the  size  of  separation  yields  an  uncertainty  of 
less  than  1.5  per  cent  in  the  corresponding  fraction,  expressed  as 
per  cent  of  total  cement. 

(c)  Aging. — ^The  effects  of  aging  on  the  physical  properties  of 
cement  are  presumably  the  lowering  of  the  specific  gravity  by 
absorption  of  water  and  carbon  dioxide,  and  an  increase  in  fineness 
due  to  possible  decrepitation  of  coarser  particles.  No  tests  have 
been  undertaken  with  the  air  analyzer  to  establish  these  changes 
directly  on  given  samples  of  cement,  but  it  is  quite  certain  that  the 
finer  fractions  especially  will  show  a  small  increase  on  account  of 
the  gradual  changes  in  gravity. 

It  has  been  generally  assumed  that  cements  increase  in  fineness 
with  age,  but  in  certain  cases  we  have  established  beyond  question 
that  cements  may  decrease  in  fineness,  as  indicated  by  very  careful 
No.  200-sieve  tests.  This  phenomenon  can  be  explained  on  the 
assumption  of  a  gradually  developing  adhesion  of  very  fine  mate- 
rial to  the  coarser  particles,  sufficient  to  more  than  offset  any 
decrepitation  that  may  have  taken  place.  We  believe  the  air 
analyzer  is  capable  of  giving  more  definite  information  on  this  sub- 
ject, and  a  series  of  analyses  will  be  undertaken  for  this  purpose. 

(d)  Shape  of  Particles. — It  has  been  suggested  that  the  shapes 
of  fine  particles  might  distinguish  cements  ground  in  different  types 
of  finishing  mills,  and  might  possibly  have  some  influence  on  the 
air  separations.  In  our  earlier  microscopic  measurements  no  par- 
ticular attention  was  given  to  this  matter,  and  if  there  were  charac- 
teristic differences  in  the  appearance  of  certain  cements  they  were 
not  sufficiently  striking  to  suggest  more  careful  examination. 
Recently  a  number  of  cements  from  different  mills  have  been  exam- 
ined v/ith  a  view  to  identification  simply  by  the  appearance  of  the 
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particles  as  obtained  for  calibration  of  the  analyzer.  These 
cements  were  as  follows:  No.  946,  a  tube-mill  product;  No.  1149, 
tube  mill  with  cyl-peb  compartments;  No.  11 50,  tube  mill  exclu- 
sively with  steel  slugs;  No.  2079,  9-  Fuller-Leliigh  product;  No. 
2387,  crushed  between  rolls  and  air  separated;  No.  3296,  wet- 
process  cement,  grinder  unknown. 

Slides  were  prepared  representing  the  three  sizes  of  separation 
of  each  cement,  18  in  all.  These  were  examined  individually  by 
three  observers,  and  notes  were  made  of  any  peculiarities.  Some 
days  later  attempts  to  identify  the  cements  were  made  by  each 
observer,  judging  solely  from  the  notes  he  had  previously  made. 
In  18  trials,  6  by  each  observer,  8  were  successful  and  10  were 
failures.  All  the  cements  were  incorrectly  identified  in  at  least 
one  instance,  notwithstanding  the  fact  that  each  observer  was 
allowed  to  study  the  slide  and  his  notes  as  long  as  he  desired. 
In  such  an  examination  as  this  the  observer  is  unconsciously 
influenced  by  a  number  of  factors  which  should  not  be  taken  into 
consideration;  for  example,  color,  density,  and  purity  of  the 
slides,  and  it  is  believed  that  the  number  of  failures  would  have 
been  even  greater  if  new  slides  had  been  prepared  for  the  final  test. 
Nevertheless,  certain  slight  differences  in  the  appearance  of  the 
different  cements  were  observed.  Thus,  Nos.  11 49  and  11 50 
were  ground  from  the  same  material  and  could  not  be  identified 
one  from  the  other,  although  readily  distinguished  from  all  the 
others  by  the  more  jagged  particles  and  lack  of  uniformity  in 
size.  Of  the  remaining  cements,  Nos.  946  and  3296  possibly 
showed  slightly  distinguishing  characteristics,  but  in  general  it 
may  be  stated  that  the  particles  of  the  different  mill  products  do 
not  show  well-marked  peculiarities. 

IX.  APPLICATIONS  OF  THE  AIR  ANALYZER 

1.  ROUTINE  MECHANICAL  ANALYSES  OF  DIFFERENT  BRANDS  OF 

CEMENT 

When  the  air  analyzer  had  been  developed  to  a  satisfactory 
working  condition,  a  series  of  routine  analyses  of  different  cements 
was  undertaken.  Between  40  and  50  different  brands  have  been 
examined  to  date,  and  others  are  being  added  to  the  list  as  oppor- 
timity  offers  in  the  course  of  the  regular  work. 
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2.  COMPARISON  OF  THE  PRODUCTS  FROM  VARIOUS  TYPES  OF  FINISH- 

ING MILLS 

One  of  the  practical  uses  of  the  analyzer  is  its  adaptation  to  the 
study  of  the  products  of  different  types  of  grinding  machinery. 
Comparative  examinations  of  this  sort  can  be  made  without 
calibration  of  the  analyzer,  and  from  examination  of  a  large 
number  of  cements  a  fairly  correct  notion  may  be  obtained  of  the 
characteristics  of  different  mills.  For  the  most  reliable  com- 
parisons, however,  the  tests  should  be  made  on  cements  ground 
from  the  same  clinker,  and  we  have  utilized  every  opportunity  to 
obtain  such  comparisons.  Similarly,  the  degree  of  pulverization 
of  different  clinkers  in  a  given  mill  can  be  determined,  and  the 
effects  of  hardness  and  other  variables  can  be  studied  with  the 
aid  of  the  analyzer  more  satisfactorily  than  with  the  aid  of  sieves 
alone. 

3.  STANDARDIZATION  OF  REGROUND  AND  AIR-SEPARATED  CEMENTS 
WHICH  ARE  TO  BE  USED  IN  THE  FURTHER  INVESTIGATION  OF  THE 
VALUE  OF  FINE  GRINDING 

One  of  the  most  important  functions  of  the  air  analyzer,  at 
least  so  far  as  investigative  \york  is  concerned,  is  that  of  determin- 
ing the  real  fineness  of  cements  in  a  region  which  no  mechanical 
sieve  can  reach.  It  is  believed  that  this  apparatus,  or  some  other 
means  of  determining  extreme  fineness,  is  a  prime  necessity  in  an 
investigation  of  the  value  of  fine  grinding,  and  cements  are  now 
being  prepared  in  the  la^boratory  by  regrinding  and  by  continuous 
air  separation,  in  tests  of  which  mechanical  sieves  are  of  little  or 
no  value. 

4.  ADAPTATION   OF  THE   ANALYZER  TO   OTHER  MATERIALS   AND   ITS 

LIMITATIONS  IN  THIS  RESPECT 

Experience  has  shown  that  the  analyzer  is  equally  well  adapted 
to  separations  of  other  materials  than  cement,  and  in  many  cases 
may  give  more  consistent  results  on  other  materials.  For  example, 
excellent  separations  have  been  made  of  ground  quartz,  emery, 
alumina,  and  other  hard-grained  materials.  A  new  field  of  use- 
fulness has  recently  been  found  in  the  testing  of  molding  sands,  in 
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which  the  ordinary  clay  and  silt  determinations  are  especially 
important  but  ordinarily  made  by  crude  washing  and  settling 
methods.  In  fact,  an  investigation  of  molding  sands  has  just 
been  undertaken  by  the  Bureau  in  which  the  analyzer  will  be  used. 
On  the  other  hand,  the  present  form  of  analyzer  has  failed  in 
attempts  to  separate  hydrated  lime  and  certain  paint  pigments,  in 
which  the  coarse  material  appears  to  consist  of  compact  agglomer- 
ates of  fine  particles,  or  of  soft  grains.  Thus,  attempts  to  analyze 
a  sample  of  hydrated  lime  led  to  the  interesting  result  that  the 
amount  of  the  0.00 1 -inch  grade  was  apparently  greater  than  that 
which  passed  the  No.  200  sieve.  Results  of  the  same  character 
were  obtained  in  the  separation  of  red  lead,  and  to  a  less  extent 
in  separations  of  litharge.  These  peculiarities  lead  one  to  consider 
more  carefully  just  what  is  meant  by  the  fineness  of  such  materials. 
In  the  present  analyzer  the  abrasion  or  attrition  of  particles  under 
the  air  stream  is  considerable,  sufficient  in  the  case  of  hydrated 
lime  and  red  lead  to  easily  reduce  a  large  portion  of  the  coarse 
material  to  fine  particles,  whereas  the  abrasion  which  takes  place 
on  the  No.  200  sieve  is  comparatively  small.  The  action  of  the 
Thompson  classifier  is  also  very  gentle,  and  certain  pigment 
separations  made  with  it  ^^  are  apparently  open  to  the  same 
criticism  as  the  sieve  tests  of  such  materials,  in  that  the  agglomer- 
ates are  not  sufficiently  broken  up.  The  question  arising  in  cases 
of  this  sort  is  simply,  What  are  to  be  considered  the  ultimate 
particles  in  a  fineness  test;  or,  in  other  words,  how  vigorous  an 
action  may  be  permitted  in  making  the  proposed  separations? 
So  far  as  our  present  analyzer  is  concerned,  the  reliability  of  the 
separations  can  readily  be  determined  by  continuing  the  maximum 
separation  to  such  a  point  that  the  rate  of  loss  is  appreciably 
constant.  If  this  rate  is  high  as  compared  with  that  for  cement, 
it  may  be  assumed  that  the  treatment  is  too  vigorous  for  accurate 
analyses,  but  if  of  the  same  order,  then  the  analyses  may  be 
considered  satisfactory. 


"  See  report  of  Subcommittee  J  of  Committee  D-i  on  the  Testing  of  White  Paints,  Proc.  A.  S.  T.  M., 
13,  pp.  406-447;  1913. 
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X.  UNCOMPLETED    PHASES    OF    THE    INVESTIGATION 

The  rather  extensive  study  of  No.  200  sieves,  the  results  of 
which  were  published  in  Technologic  Papers  Nos.  29  and  42  of 
the  Bureau  of  Standards, ^^  may  be  considered  the  first  step  in  a 
general  fineness  investigation  of  cements  undertaken  by  the 
Bureau  about  three  years  ago.  The  development  of  the  air 
analyzer  to  a  satisfactory  working  condition  marks  the  practical 
completion  of  the  second  stage  of  the  investigation.  Many  things 
remain  to  be  done  with  the  analyzer,  however,  not  the  least 
important  of  which  is  to  get  it  into  the  hands  of  other  investigators 
who  will  eventually  determine  whether  the  apparatus  can  be 
adapted  to  routine  cement  testing  or  whether  it  will  serve  only 
for  special  and  investigative  work ;  but  before  new  analyzers  of  this 
type  are  constructed,  it  is  desirable  that  the  present  form  be 
simplified  and  made  as  compact  as  possible.  It  is  anticipated 
that  these  improvements  can  be  made,  and  work  in  this  connection 
is  imder  way. 

As  already  intimated,  a  more  critical  study  of  the  theory  of  the 
analyzer,  of  possible  factors  which  influence  the  separations,  and 
of  improved  methods  of  calibration  will  be  made  as  opportunity 
offers.  In  addition  to  these  lines  of  work,  three  others  have  sug- 
gested themselves  as  worthy  of  investigation.  The  most  impor- 
tant of  these  is  the  construction  of  an  apparatus  capable  of  still 
further  subdividing  the  0.001 -inch  grade  or  "flour."  As  seen  by 
Fig.  12,  the  flour  consists  of  particles  varying  from  a  certain  maxi- 
mum down  to  vanishing  size,  and  constitutes  normally  some  30 
per  cent  of  the  total  cement.  The  actual  course  of  the  mechanical 
analysis  curve  below  this  point  is  unknown,  and  for  some  purposes 
it  is  important  to  know  whether  this  portion  has  a  double  curva- 
ture. A  single  division  somewhere  near  the  middle  of  this  fraction 
might  furnish  the  desired  information.  It  has  been  assumed,  how- 
ever, that  the  upper  limit  of  the  0.00 1 -inch  grade  is  low  enough  to 
be  well  within  the  hydraulically  active  material,  and  for  the  con- 
templated investigation  of  finely  ground  cements  the  present  line 
of  division  will  probably  answer  all  purposes.     The  further  sub- 

"  Technologic  Paper  No.  29,  Variations  in  Results  of  Sieving  with  Standard  Cement  Sieves.    Tech- 
nologic Paper  No.  42,  The  Standardization  of  No.  200  Cement  Sieves. 
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division  of  this  grade  is  interesting,  particularly  in  relation  to 
other  materials  than  cement.  For  example,  the  Bureau  has 
recently  been  requested  to  cooperate  with  other  Government 
departments  in  developing  a  standard  '*  dust "  composed  of  organic 
material.  Such  materials  will  probably  present  the  same  difficul- 
ties in  separation  as  hydra  ted  lime  and  certain  paint  pigments,  for 
which  it  has  been  shown  that  the  present  form  of  analyzer  is  not 
adapted.  It  is  believed,  however,  that  the  analyzer  can  be  modi- 
fied in  such  manner  as  to  make  these  fine  separations,  and,  inci- 
dentally, the  accomplishment  of  this  result  would  insure  a  very 
much  more  complete  analysis  of  cement  than  is  now  possible. 

Another  matter  which  promises  to  facilitate  the  standardization 
of  the  analyzer  and  improve  the  uniformity  of  results  to  be  ob- 
tained from  different  analyzers  is  the  possible  use  of  some  inert 
material  of  proper  specific  gravity  for  calibrating  the  separations 
of  the  different  nozzles.  The  nominal  sizes  of  separation  now 
have  to  be  determined  from  observations  on  several  supposedly 
normal  cements,  which  is  not  only  a  laborious  process  but  likely 
to  be  in  error  from  unsuspected  peculiarities.  If  some  inert,  finely 
ground  material  of  definite  physical  properties  approaching  cement 
in  specific  gravity  and  granular  condition  could  be  discovered,  it 
could  undoubtedly  be  used  to  advantage  for  calibration  purposes. 
The  fact  that  such  a  material  would  not  give  precisely  the  same 
results  as  cement  particles  would  probably  be  more  than  offset  by 
the  uniformity  to  be  obtained. 

The  remaining  item  of  interest  in  connection  with  the  analyzer 
is  the  possibility  of  checking  up  the  three-dimensional  measure- 
ments by  collecting  and  weighing  a.  known  number  of  particles 
representing  the  different  sizes  of  separation  and  computing  the 
average  diameter  from  a  knowledge  of  the  specific  gravity.  The 
chief  incentive  for  this  undertaking  is  to  make  possible  the  com- 
parison of  actual  and  theoretical  separations,  which  is  important 
in  its  bearing  on  the  proper  method  of  expressing  the  sizes  of 
separation.  The  three-dimensional  measurements  are  not  made 
with  great  accuracy  and  the  deduction  of  the  so-called  true  dia- 
meters by  two  entirely  independent  methods  would  perhaps 
shed  further  light  on  the  apparent  increase  in  reduction  factors 
for  the  finer  grades,  as  shown  in  Table  5.     The  particles  of  the 
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0.003-inch  grade  would,  of  course,  be  easier  to  deal  with  than  the 
finer  particles,  and  a  brief  computation  will  indicate  the  magnitude 
of  the  problem.  The  average  true  diameter  of  the  0.003-inch 
separation  is  showTi  to  be  approximately  0.002  inch  or  0.005  cm. 
The  weight  of  an  average  particle  is  the  product  of  volume  and 
specific  gravity,  or  approximately 

TV 

w= -7- (0.005)''  X  3.2  =  0.0000002  g 

Assuming  the  practical  limit  of  weighing  to  be  o.oooooi  g.,  it 
would  require  500  of  these  particles  for  an  accuracy  in  weighing 
of  I  per  cent.  This  would  therefore  be  a  comparatively  easy 
experiment  to  carr}^  out,  although  this  degree  of  acctu*acy  might 
not  be  attained.  In  the  case  of  the  0.00 1 -inch  separation,  the 
weight  of  an  average  particle  would  be  of  the  order  of  one-thirtieth 
as  great  as  that  computed  above,  and  therefore  some  15  000 
particles  would  be  required  to  yield  an  accuracy  of  i  per  cent  in 
weighing.  It  remains  to  be  seen  whether  the  counting  and 
weighing  of  particles  of  these  dimensions  can  be  done  with  suffi- 
cient accuracy  to  make  the  attempt  to  check  the  microscopic 
determinations  worth  while. 

XI.  SUMMARY 

Summarizing  briefly  this  preliminary  report  on  the  air  analyzer, 
w^e  may  call  attention  to  the  following  points  of  chief  importance: 

1.  The  design  of  a  satisfactory  elutriator  is  based  on  certain 
fundamental  requirements,  which  have  been  enumerated.  If 
these  requirements  are  embodied  in  the  construction  of  a  given 
elutriator,  its  shape,  dimensions,  and  working  conditions  are  of 
secondary  importance,  and  can  be  readily  adapted  to  give  the 
desired  separations. 

2.  A  review  of  earlier  types  of  elutriators  used  or  proposed  for 
cement  testing  shows  that  some  are  faulty  in  design  or  unneces- 
sarily complicated,  while  others  are  probably  capable  of  making 
good  separations.  Only  one  serious  attempt  appears  to  have  been 
made  to  identify  the  separations  in  terms  independent  of  the 
particular  apparatus  employed,  and  this  not  in  a  manner  to  enable 
comparisons  to  be  made  with  results  obtained  by  others. 
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3.  After  a  series  of  preliminary  experiments  an  air  analyzer  has 
been  developed  at  the  Bureau  of  Standards  which  seems  to  meet 
the  fundamental  requirements  and  appears  to  give  reliable  sepa- 
rations of  cement  and  certain  other  materials.  The  distinguish- 
ing features  of  the  apparatus  are:  The  introduction  of  an  unre- 
tarded  air  stream  into  a  conical-shaped  bulb  in  such  manner  that 
the  sample  under  examination  is  completely  and  continuously 
exposed  to  the  action  of  the  air;  a  separating  chamber  of  consid- 
erable height  which  permits  no  lodgment  of  either  fine  or  coaise 
particles;  a  tapping  device  to  minimize  the  adherence  of  fine 
dust  to  any  part  of  the  apparatus;  and  a  collector  which  catches 
and  holds  all  material  passing  through  the  separating  chamber. 

4.  Believing  that  the  main  objection  to  elutriation  methods 
has  been  the  lack  of  standardization  of  apparatus  heretofore  used, 
we  have  endeavored  to  define  the  separations  obtained  by  the  air 
analyzer  entirely  in  terms  of  the  limiting  sizes  of  particles  in  the 
different  fractions.  These  limiting  sizes,  designated  as  the  ''sizes 
of  separation,"  may  be  interpreted  in  different  ways,  depending 
uDon  the  methods  of  measurement.  Several  methods  of  meas- 
urement  have  been  studied,  and  a  system  has  been  provisionally 
adopted,  which  appears  to  be  the  simplest  and  most  direct,  al- 
though not  giving  directly  the  ''true  diameters"  of  the  particles 
under  examination.  The  relations  between  the  "apparent"  and 
"true"  sizes  of  particles  have  been  expressed  by  means  of  reduc- 
tion factors,  which  enable  one  to  convert  from  one  system  to 
another. 

5.  A  preliminary  study  has  been  made  of  the  effects  of  abrasion, 
specific  gravity,  atmospheric  conditions,  and  other  factors  on  the 
separations,  but  much  more  work  remains  to  be  done  before  the 
limitations  of  the  analyzer  can  be  established  with  certainty.  It 
seems  probable  that  under  normal  operating  conditions  the  nomi- 
nal sizes  of  separation  of  the  analyzer  determined  by  calibrations 
with  normal  cements  will  be  within  about  5  per  cent  of  the  actual 
sizes.  This  gives  rise  to  a  possible  error  of  about  1.5  per  cent  in 
estimating  the  quantity  of  any  desired  fraction  from  the  mechan- 
ical analysis  curv'e.  As  the  error  in  determining  the  percentage 
of  any  given  fraction  by  actual  separation  in  the  analyzer  is  proba- 
bly not  greater  than  0.5  per  cent,  we  may  assume  that  the  routine 
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analyses,  without  special  calibrations,  will  enable  us  to  determine 
the  quantity  of  particles  below  a  given  size  in  any  normal  cement 
within  2  per  cent.  If  greater  accuracy  is  desired  in  special  com- 
parisons or  in  other  important  cases,  calibrations  can  be  made  on 
the  material  under  examination  without  excessive  labor. 

6.  Further  lines  of  investigation  have  been  suggested,  particu- 
larly in  modifying  the  apparatus  to  yield  still  finer  subdivisions. 
In  making  this  change  it  is  proposed  to  adapt  the  apparatus,  if 
possible,  to  separations  of  organic  and  other  powders  w^hich  are 
not  capable  of  withstanding  the  abrasive  action  produced  by  the 
air  blast  in  the  present  type  of  bulb  and  nozzles. 

7.  The  analyzer  has  been  developed  with  the  particular  purpose 
in  view  of  determining  the  granulometric  composition  of  very 
finely  ground  and  air  separated  cements  to  be  used  in  a  further 
investigation  of  the  value  of  fine  grinding,  which  is  now  under 
way.  It  is  also  adapted  in  its  present  form  to  comparisons  of  the 
products  of  different  finishing  mills  and  to  the  separation  and 
grading  of  abrasives  and  other  hard-grained  materials.  In  view 
of  the  considerable  variety  of  finely  divided  materials  already 
tested  with  the  analyzer,  the  apparatus  promises  to  have  a  much 
broader  field  of  usefulness  than  that  for  which  it  was  originally 
designed. 

In  conclusion,  it  is  desired  to  acknowledge  the  valuable  assist- 
ance rendered  by  Allen  R.  Green  in  making  the  three-dimensional 
microscopic  measurements  on  a  very  large  number  of  small 
particles. 

Washington,  April  26,  191 5. 


DEPARTMENT    OF    COMMERCE 


Technologic  Papers 


OP  THE 


Bureau  of  Standards 

S.  W.  STRATTON,  Dire^ctor 


No.   49 

EMERGENT  STEM  CORRECTION  FOR  THER- 
MOMETERS IN  CREOSOTE  Op. 
DISTILLATION  FLASKS 


BY 

R.  M.  WILHELM,  Laboratory  Assistant 

Bureau  of  Standards 


ISSUED  AUGUST  14,  1915 


WASHINGTON 

GOVERNMENT  PRINTING  OFFICE 

19L5 


ADDITIONAL  COPIES 

OF  THIS  PUBLICATION  MAY  BE  PROCURED  FROM 

THE  SUPERINTENDENT  OF  DOCtJilENTS 

GOVERNMENT  PRINTING  OFFICE 

WASHINGTON,  D.  C. 

AT 

10  CENTS  PER  COPY 


EMERGENT  STEM  CORRECTION   FOR  THERMOMETERS 
IN   CREOSOTE  OIL  DISTILLATION   FLASKS 


By  R.  M.  Wilhelm 


CONTENTS 

Page 

I.  Introduction 3 

II.  Apparatus  and  method 5 

1 .  Flasks  and  thermometers  used 5 

2 .  Method  used  to  determine  emergent  stem  corrections 7 

III.  Results 7 

1.  Emergent  stem  correction  tables 7 

2.  Emergent  stem  correction  curves 8 

3.  Comparison  of  emergent  stem  correction  tables 10 

IV.  Reasons  for  variation  in  emergent  stem  correction 12 

1.  Unsuitable  thermometers 12 

2.  Variations  in  rate  of  rise  of  temperature 12 

V.  Effect  of  radiation  and  of  condensed  vapor  on  temperatiu-e  measurements.  13 

VI.  Effect  of  error  in  temperature  measurement  on  fractions  distilled 14 

VII.  A  suggested  method  of  testing  thermometers  used  in  distillation  appa- 
ratus   15 

VIII.  The  boiling  point  of  anthracene 19 

IX.  Summary 19 

I.  INTRODUCTION 

In  many  industrial  operations  where  mercurial  thermometers 
are  used,  the  form  of  the  apparatus  may  prevent  the  placing  of  the 
thermometer  so  that  its  entire  mercury  column  is  immersed  at  the 
temperatiu-e  of  the  bulb.  Under  such  conditions  the  temperature 
of  the  stem  in  general  differs  from  that  of  the  bulb.  Thermometers 
are  commonly  scaled  to  read  correctly  only  when  the  entire  mer- 
cury column  is  at  the  temperature  of  the  bulb,  and  if  used  other- 
wise they  will  not  indicate  the  true  temperature  of  the  bulb  unless 
corrections  are  applied  to  their  readings.  A  particular  example  is 
that  of  the  use  of  thermometers  in  distillation  flasks,  where  the 
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correction  may  amount  to  15°  or  20°^  under  actual  distillation 
conditions. 

The  magnitude  of  this  correction  depends  for  the  greater  part 
on  the  length  and  the  temperature  of  the  emergent  stem  (referring 
only  to  the  part  containing  the  mercury  thread) .  One  of  the  chief 
sources  of  error  in  the  use  of  merctuial  thermometers  arises  from 
uncertainties  as  to  the  temperature  of  this  emergent  stem,  as  it 
may  have  as  its  average  almost  any  temperature  between  that  of 
the  bulb  and  that  of  the  air  in  the  room,  depending  upon  the  con- 
ditions under  which  the  thermometer  is  used. 

The  emergent  stem  correction  may  be  computed,  provided 
certain  conditions  are  known,  such  as  average  stem  temperatiu-e, 
depth  of  immersion,  and  the  kind  of  glass  of  which  the  ther- 
mometers are  made.  Thermometers  tested  under  conditions  of 
total  immersion  at  the  Bureau  of  Standards  are  furnished  with 
emergent  stem  correction  sheets  which  show  by  example  how  this 
correction  may  be  determined,  if  the  instrument  is  read  partially 
immersed,  by  using  a  simple  formula.  But  aside  from  the  general 
dislike  of  the  use  of  formulas  in  industrial  operations,  in  some  cases 
the  factors  involved  (the  emergent  stem  temperature  in  particular) 
are  difficult  to  obtain  accurately. 

Thermometers  are  sometimes  scaled  for  use  or  tested  with  the 
bulb  and  only  a  part  of  the  stem  immersed.  Such  thermometers 
read  correctly,  however,  only  when  the  temperature  conditions 
imder  which  the  thermometers  were  graduated  or  tested  corre- 
spond to  those  of  use,  and  this  is  seldom  the  case.  It  is  obvious 
that  when  a  thermometer  scaled  for  a  given  immersion  is  used  at 
some  different  immersion  its  readings  will  generally  be  in  error. 

For  some  processes  it  is  not  of  great  importance  that  the  ther- 
mometer readings  should  represent  the  actual  temperature  of  the 
bulb  so  long  as  such  processes  are  confined  to  a  single  laboratory 
and  to  uniform  conditions;  but  whenever  it  becomes  necessary  to 
specify  the  conditions  under  which  the  processes  are  carried  out, 
so  that  they  can  be  repeated  elsewhere,  a  knowledge  of  the  true 
temperatures  becomes  necessary. 

The  purpose  of  this  investigation  was  primarily  to  ascertain  the 
magnitude  of  the  emergent  stem  correction  error  which  may  occur 

>  All  temperatures  in  this  paper  are  expressed  in  degrees  centigrade. 
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in  the  use  of  thermometers  in  the  distillation  of  creosote,  a  ques- 
tion which  has  arisen  at  various  times  in  connection  with  the  test- 
ing of  thermometers  for  use  in  distillation  flasks. 

Some  work  has  already  been  done  on  the  subject  of  emergent 
stem  corrections  of  thermometers  in  distillation  flasks.  In  a 
circular  by  Dean  and  Bateman,^  of  the  United  States  Forest 
Service,  on  the  distillation  of  coal-tar  creosote,  there  is  published 
a  table  of  emergent  stem  corrections.  Wiebe^  has  also  given 
emergent  stem  correction  tables  for  thermometers  used  with  glass 
and  with  metal  distillation  apparatus.  These  tables  are  con- 
sidered more  fully  later. 

II.  APPARATUS  AND  METHOD 
1.  FLASKS  AND  THERMOMETERS  USED 

Four  types  of  distillation  flasks,  as  shown  in  Fig.  i,  were  used — 
the  retort,  recommended  by  the  American  Railway  Engineering 
and  Maintenance  of  Way  Association;  the  Hempel  flask,  as  used 
by  the  Forest  Service;  the  Lunge  side-neck  flask,  recommended 
by  the  Committee  on  Preservative  Treatment  of  Poles  and  Cross 
Arms  of  the  National  Electric  Light  Association ;  and  the  ordinary 
200-cc  side-neck  flask,  with  dimensions  as  follows:  Diameter  of 
bulb  8  cm,  diameter  of  neck  2  cm,  height  of  neck  15  cm,  distance 
from  bottom  of  outlet  tube  to  top  8  cm.  All  the  tests  were  made 
according  to  the  specifications  ^  applying  to  the  particular  form  of 
apparatus  used,  except  where  special  experiments  were  made  to 
determine  the  effect  of  variations  from  the  specified  procedure. 
A  graduated  stem  continuous  scale  type  of  mercurial  thermom- 
eter, 40  cm  long,  graduated  into  1°  intervals  from  0°  to  400°  C, 
was  used.  The  length  of  a  1°  interval  was  0.8  mm;  the  distance 
from  middle  of  bulb  to  0°  mark  was  2.5  cm.  The  thermometer 
was  "  filled  under  pressure"  to  prevent  distillation  of  the  mercury, 
and  was  well  annealed  to  prevent  a  rise  of  the  readings  with 
continued  heating. 


2  Forest  Service  Circular  112. 

3  Petroleum  Jahrgang,  VII,  1912. 

*  American  Ry.  Eng.  and  Maintenance  of  Way  Assn.,  190.5,  pp.  4-14.  National  Electric  Light  Assn. 
Report  on  Preser\-ative  Treatment  of  Poles  and  Cross  Arms,  1911,  p.  21.  Forest  Service  Circular  98,  pp. 
8-10.    Forest  Service  Circular  112,  p.  37. 
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"s^^^^  <^  I nF Neck  Flask 


Fig.  i^.-Types  of  distillation  flasks  used  and  positions  of  thermometers 
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2.  METHOD  USED  TO  DETERMINE  EMERGENT  STEM  CORRECTION 

For  measuring  the  temperature  of  the  stem,  use  was  made  of  a 
number  of  special  ''thread"  thermometers  made  up  and  caU- 
brated  for  this  purpose,  and  auxiHary  thermometers  for  the  part 
of  the  stem  not  covered  by  the  thread  thermometers.  With 
these  thermometers  the  mean  temperature  of  the  emergent  mer- 
cury column  over  its  entire  length  could  be  very  closely  ascer- 
tained. The  use  of  these  "thread"  thermometers  is  discussed  in 
detail  in  a  Bureau  publication.^ 

Most  of  the  apparatus  and  the  creosote  oil  were  furnished  to  the 
Bvireau  by  S.  R.  Church,  of  the  Barrett  Manufacturing  Co. 

III.  RESULTS 
1.  EMERGENT  STEM  CORRECTION  TABLES 

Average  emergent  stem  corrections,  applicable  for  the  particular 
type  of  thermometer  as  used  in  the  different  distillation  flasks, 
were  determined  for  readings  taken  on  the  thermometer  at  every 
20°  from  200°  up  to  350°.  The  emergent  stem  corrections  found 
are  given  in  Table  i . 

TABLE  1 
Stem  Corrections  for  the  Thermometer  «  in  the  Four  Types  of  Flasks 


Reading 

Retort 

Hempel  flask 

Lunge  flask 

Ordinary  flask 

Degrees 

Degrees 

Degrees 

Degrees 

Degrees 

200 

+  4.8 

+  4.7 

+  5.2 

+  4.7 

220 

+  5.8 

+  5.0 

+  6.1 

+  5.0 

240 

+  7.1 

+  6.1 

+  7.2 

+  5.4 

260 

+  8.5 

+  7.5 

+  8.4 

+  6.6 

280 

+  10.0 

+  8.5 

+  9.7 

+  8.5 

300 

+11.  8 

+  10.5 

+  11.5 

+  10.5 

320 

+13.7 

+  12.4 

+  13.5 

+12.5 

340 

+15.7 

+  14.4 

+  15.8 

+14.5 

350 

+  16.8 

+  15.5 

+  17.1 

+  15.5 

a  These  corrections  apply  only  for  a  thermometer  similar  to  that  used  in  these  tests 

The  corrections  are  given  to  tenths  of  a  degree,  but  an  inspec- 
tion of  the  ciurves  plotted  for  the  different  runs  shows  that  for  the 
same  reading  the  emergent  stem  correction  may  differ  by  over  a 
degree  from  one  curve  to  another.  For  this  reason  the  correc- 
tions may  not  be  reliable  to  better  than  a  degree. 

5  E.  Buckingham,  Bulletin  Bureau  of  Standards,  8,  p.  239. 
98048°— 15 2 
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2.  EMERGENT  STEM  CORRECTION  CURVES 


The  separate  obsen^ations  from  which  Table  i  was  obtained 
have  been  plotted  for  the  different  types  of  flasks  in  Figs.  2,  3,  4, 
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Fig.  2. — Stem  corrections  using  retort 
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and  5.     From  the  curves  it  would  seem  that,  of  the  four  types  of 
flasks,  the  retort  gives  the  most  nearly  uniform  results  as  regards 
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Fig.  3. — Stem  corrections  using  Hempel-fiask 
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emergent  stem  corrections.     This  may  be  due  to  the  fact  that 
practically  the  entire  retort  is  covered  by  the  asbestos  shield. 
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The  agreement  between  the  emergent  stem  corrections  observed 
in  different  runs  is  next  best  in  the  Hempel  flask  and  worst  in  the 
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Fig.  4. — Stem  corrections  using  Lunge  flask  with  trap 

ordinary  side-neck  flask,  although  the  irregularity  of  several  of 
the  curves  in  this  case  was  due  to  moisture  in  the  oil  and  to  increas- 
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Fig.  5. — Stem  corrections  using  ordinary  side-neck  distillation  flask 

ing  the  size  of  the  flame.     The  constancy  of  the  emergent  stem 
corrections  in  the  retort  should  not  be  taken  as  a  recommendation 
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of  this  form  of  apparatus,  since  there  are  apparently  some  very- 
decided  disadvantages  in  its  use.® 

The  true  mean  temperature  of  the  emergent  stem  of  thermome- 
ters in  distillation  flasks  is  not  easily  obtainable.  If  it  could  be 
assumed  that  the  temperature  of  that  part  of  the  thermometer 
stem  below  the  cork  were  uniform  and  the  same  as  that  of  the 
bulb,  the  emergent  stem  could  be  considered  as  that  part  within 
and  above  the  cork.  The  mean  temperature  of  this  part  of  the 
stem  could  then  be  approximately  obtained  by  hanging  a  small 
thermometer  with  its  bulb  somewhat  below  the  middle  of  the 
emergent  mercury  tliread.  The  emergent  stem  corrections  com- 
puted from  readings  of  a  thermometer  with  its  bulb  about  two- 
thirds  way  down  the  emergent  mercury  thread  have  been  plotted 
for  three  of  the  flasks  and  the  curves  thus  obtained  are  shown  on 
the  same  figures  (2,3,  and  5)  with  the  true  emergent  stem  correc- 
tion curves.  It  may  be  seen  that,  except  for  the  Hempel  flask, 
the  emergent  stem  corrections  obtained  by  the  two  methods  are 
not  in  agreement.  As  would  be  expected,  the  corrections  obtained 
by  neglecting  the  part  of  the  stem  below  the  cork  are,  with  the 
exception  mentioned,  too  low,  since  they  do  not  take  account  of 
the  temperature  conditions  below  the  cork.  Thus,  in  the  ordi- 
nary flask,  the  emergent  stem  corrections,  using  the  stem  tempera- 
ture as  indicated  by  a  thermometer  hung  with  its  bulb  about 
two- thirds  way  down  the  length  of  the  emergent  column,  are  from 
1°  to  2.5°  less  than  the  actual  emergent  stem  corrections.  In  the 
Hempel  flask,  however,  the  emergent  stem  corrections  computed 
in  this  manner  agree  very  closely  with  the  actual  emergent  stem 
corrections. 

3.  COMPARISON  OF  EMERGENT  STEM  CORRECTION  TABLES 

A  comparison  of  the  emergent  stem  corrections  given  in  Table  i 
with  those  given  by  Dean  and  Bateman,  Table  2,  and  by  Wiebe, 
Table  3  (column  2),  show  considerable  disagreement.  Table  3 
gives  corrections  considerably  larger  than  those  in  Table  i ,  while 
Table  2  gives  smaller  corrections. 

Dean  and  Bateman  probably  used  a  thermometer  graduated 
from  200°  up,  with  an  enlargement  in  the  stem  below  the  200° 

«  Alleman,  Forest  Service  Circular  98,  p.  8.     Dean  and  Bateman,  Forest  Service  Circular  112,  p.  35. 


Stem  Correction  in  Distillation  Flasks 


II 


mark.  Wiebe  does  not  state  the  type  of  thermometer  used  in 
his  investigation,  but  it  probably  was  one  of  the  inclosed  scale 
type  (einschluss) .  The  Engler  flask  used  by  Wiebe  is  smaller 
than  the  flasks  used  in  this  investigation. 

The  corrections  in  Table  3,  column  3,  were  obtained  by  Wiebe 
for  a  thermometer  used  in  a  metal  distillation  apparatus.  The 
question  of  emergent  stem  corrections  in  metal  distillation  appa- 
ratus was  not  taken  up  in  this  investigation,  as  this  type  of  flask 
is  little  used  in  this  country. 

TABLE  2 

Dean  and  Bateman*s  Corrections  for  the  Emergent  Thermometer  Stem  in  SOO-cc 

Side  Neck  Flask 


Thermometer 
reading 

Stem 
temperature 

Degrees  emergent 

Correction 

Corrected  reading 

Degrees 

Degrees 

Degrees 

Degrees 

Degrees 

210 

42.0 

10 

+0.3 

210.3 

220 

43.5 

20 

.6 

220.6 

230 

45.0 

30 

.9 

230.9 

240 

47.0 

40 

1.2 

241.2 

250 

48.5 

50 

1.6 

251.6 

260 

50.0 

60 

2.0 

262.  0 

270 

52.0 

70 

2.4 

272.4 

280 

53.5 

80 

2.9 

.    282.9 

290 

55.0 

90 

3.4 

293.4 

300 

57.0 

100 

3.9 

303.9 

310 

58.5 

110 

4.4 

314.4 

320 

60.0 

120 

5.0 

325.0 

TABLE  3 

Wiebe' s  Corrections  for  the  Emergent  Thermometer  Stem  in  Engler  Flask  and 

Metal  Apparatus 


Stem 

correction — 

Temperature 

Stem  correction — 

Temperature 

In  glass 
apparatus 

In  metal 
apparatus 

In  glass 
apparatus 

In  metal 
apparatus 

Degrees 

Degrees 

Degrees 

Degrees 

Degrees 

Degrees 

60 

+0.8 

+0.2 

200 

7.2 

4.3 

80 

1.6 

.5 

220 

8.7 

5.4 

100 

2.3 

.9 

240 

10.3 

6.6 

120 

3.1 

1.4 

260 

12.2 

8.0 

140 

3.9 

1.9 

280 

14.1 

9.3 

160 

4.9 

2.6 

300 

16.3 

10.6 

180 

5.9 

3.4 

320 

18.8 

11.9 
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Wiebe  states  that  the  results  of  distillation  tests  made  with  the 
metal  and  the  glass  apparatus  are  not  comparable,  owing  to  the 
fact  that  the  vapor  in  the  two  types  of  apparatus  is  at  different 
temperatures  for  the  same  temperature  of  the  liquid.  An  example 
is  given  in  which  the  temperatiu-e  of  the  liquid  was  178°  in  each 
type  of  apparatus,  while  the  temperature  of  the  vapor  was  150°  in 
the  metal  apparatus,  but  only  136°  in  the  glass  apparatus.  Wiebe 
concludes  that  even  though  the  readings  in  the  two  apparatus  are 
corrected,  the  fractions  at  the  lower  temperature  will  be  different 
and  hence  a  standard  method  of  distillation  is  necessary. 

Tables  of  stem  corrections  have  very  little  value  unless  it  is 
certain  that  the  thermometers  used  and  the  conditions  under 
which  the  tests  are  made  are  similar  to  those  for  which  the  tables 
were  computed. 

IV.    REASONS   FOR   VARIATIONS   IN   STEM    CORRECTIONS 

Using  any  one  type  of  flask,  differences  in  the  emergent  stem 
correction  for  a  given  reading  of  the  thermometer  may  be  caused 
by  the  following:  (i)  Unsuitable  thermometers;  (2)  variations  in 
rate  of  rise  of  temperature. 

1.  UNSUITABLE  THERMOMETERS 

Thermometers  having  an  enlargement  in  the  capillary  between 
the  ice  point  and  the  scale  so  that  the  graduations  shall  begin  at  a 
higher  temperature,  say  200°,  should  not  be  used  in  distillation 
flasks,  unless  the  conditions  are  such  that  the  temperature  of  the 
enlargement  is  the  same  as  that  of  the  bulb. 

Although  with  such  a  thermometer  the  emergent  stem  correc- 
tion is  smaller,  its  variations  may  be  larger,  due  to  variations  in 
the  temperature  of  the  enlargement  under  different  conditions  of 

use. 

2.  VARIATIONS  IN  RATE  OF  RISE  OF  TEMPERATURE 

The  rate  of  rise  can  be  controlled  fairly  v/ell,  and  as  is  seen  from 
the  curves  (particularly  Fig.  4),  the  faster  the  rate  of  rise,  the 
smaller  the  emergent  stem  cori'ection.  This  is  due  to  the  fact  that 
for  a  faster  rate  of  rise  the  flask  and  the  air  above  it  become 
hotter,  due  to  the  larger  flame  used.  Care  should  therefore  be 
taken  that  the  rate  of  rise  is  controlled  according  to  specifications. 
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V.  EFFECT  OF  RADIATION  AND  OF  CONDENSED  VAPOR  ON 
TEMPERATURE  MEASUREMENTS 

While  discussing  variations  due  to  emergent  stem  corrections  it 
'  is  not  out  of  place  to  call  attention  to  other  causes  of  variation  in 
the  indications  of  the  thermometer,  such  as  (a)  heating  of  the  bulb 
by  radiation  from  the  hotter  oil  and  {h)  cooling  of  the  bulb  due  to 
radiation  to  colder  objects  and  to  the  condensing  oil  which  runs 
down  over  the  bulb. 

The  magnitude  of  the  error  due  to  radiation  from  the  oil  and 
hot  flask  is  difficult  to  ascertain,  and  is  probably  negligible  except 
where  the  bulb  and  stem  are  close  to  the  oil.  It  seems  desirable 
for  this  reason  to  have  the  thermometer  bulb  at  some  distance 
above  the  level  of  the  oil. 

Table  4  shows  the  magnitude  of  the  cooling  effects  for  one  type 
of  flask.  Two  thermometers  were  read  simultaneously,  one  being 
shielded,  the  other  not.  A  perforated  conical  aluminum  shield, 
having  a  length  about  equal  to  that  of  the  bulb  and  fitting  tightly 
around  the  stem  just  above  the  bulb,  was  used.  The  difference 
between  the  indications  of  the  shielded  and  the  imshielded  ther- 
mometers amounted  to  as  much  as  3°.  This  experiment  shows 
the  cooling  effect  on  the  bulb  only ;  the  effect  on  the  stem  is  entirely 
negligible.  Varying  amounts  of  condensing  oil  vapor  will  cause 
variations  in  the  readings  for  the  same  temperature  of  the  vapor. 
It  is  probably  inconvenient  in  industrial  work  to  eliminate  this 
source  of  error  in  the  present  type  of  distillation  flask. 

TABLE  4 
Effect  of  Radiation  and  Condensed  Vapors  on  Thermometer  Reading 


Readings 

Difference  between 

thermometer  readings, 

neither  thermometer 

shielded 

Diflference  between 
readings,  one  ther- 
mometer shielded 

Effect  of  shielding 

Degrees 
200 
22.5 
250 
275 
300 
325 
350 

Degrees 
+  1.0 
.0 
.0 
+  .2 
+  .5 
-  .5 
-1.2 

Degrees 
0.0 
-3.0 
-2.5 
-3.0 
-2.5 
-3.0 
-3.0 

Degrees 
+  1.0 
+3.0 
+2.5 
+3.2 
+3.0 
+2.5 
+  1.8 
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VI.  EFFECT  OF  ERROR  IN  TEMPERATURE  MEASUREMENT 
ON  FRACTIONS  DISTILLED 

It  is  evident,  since  the  amount  of  distillate  increases  with 
increasing  temperature,  that,  using  the  same  sample  of  oil,  if  at 
one  time  a  fraction  is  taken  off  at  a  certain  temperature  and  at 
another  time  this  fraction  is  taken  off  at  a  different  temperature, 
the  results  in  the  two  cases  will  not  agree. 

The  specifications  by  which  distillation  tests  are  governed  state 
that  the  fractions  shall  be  taken  off  at  certain  specified  tempera- 
tures, which  are  to  be  read  off  on  a  thennometer  the  type  of  which 
is  also  specified.  From  the  previous  discussion  of  the  subject  of 
emergent  stem  corrections  it  is  obvious  that  unless  this  correction 
is  taken  account  of  the  results  obtained  by  assuming  that  the 
reading  on  the  thermometer  represents  the  specified  temperature 
will  depend  not  only  upon  the  reading  of  the  thermometer,  but 
also  upon  the  conditions  of  stem  temperature  prevailing  at  the 
time  of  test.  On  the  other  hand,  if  the  specified  temperatures  are 
taken  to  mean  the  temperature  of  the  bulb  of  the  thermometer, 
and  fractions  are  taken  off  at  readings  on  the  thermometer  which 
represent  the  specified  temperature  of  the  bulb,  the  results  obtained 
will  not  agree  with  those  obtained  by  taking  off  the  fractions  at 
imcorrected  readings. 

It  was  at  first  intended  to  run  a  series  of  distillations  under 
these  two  conditions  and  to  compare  the  results  thus  obtained; 
later  it  was  decided  that  a  very  good  idea  of  the  magnitude  of  the 
disagreement  between  the  two  methods  could  be  obtained  from 
the  data  on  percentage  distillates  published  by  the  National 
Electric  Light  Association  in  their  report  of  June  2,  191 1.  From 
the  data  a  curve  was  drawn  representing  the  percentage  distil- 
lates for  the  Lunge  flask  corresponding  to  various  thermometer 
readings.  Using  this  cun^e,  two  series  of  percentage  distillates 
were  taken  off.  In  the  first  case  the  specified  temperatures  were 
taken  to  mean  thermometer  readings;  the  fractions  were  there- 
fore taken  off  at  readings  170°,  205°,  245°,  etc.  (Table  5) ;  in  the 
second  case  the  specified  temperatures  were  taken  to  mean  bulb 
temperatures  and  the  fractions  were  taken  off  at  readings  166°, 
200°,  238°,  etc.  (Table  6),  these  readings  being  those  which  corre- 
spond to  bulb  temperatures  of  170°,  205°,  245°,  etc. 
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Fractions 

I 

to 

170° 

II 

to 

205° 

III 

to 

245° 

IV 
to 

270° 

V 
to 

320° 

VI 

to 
360° 

VII 

Points  specified 

above 
360° 

Per  cent  distillate 

1.4 

3.6 

54.0 

67.6 

82.5 

92.1 

99  5 

TABLE  6 

Fractions 

I 

to 

170" 

II 

to 

205° 

III 

to 

245° 

IV 

to 

270° 

V 
to 

320° 

VI 

to 

360° 

VII 

Points  specified 

above 

350° 

Readings    on   thermometer    to 
give  specified  temperature  of 
bulb   

a  166° 

200° 

238° 

262° 

308° 

344° 

344° 

Per  cent  distillate 

ol.O 

3.2 

46.8 

63.5 

79.4 

88.0 

99.5 

a  Extrapolations. 

The  differences  between  the  fractions  using  the  tvro  methods 

are  given  below. 

TABLE  7 


Fraction 

I 

II 

in 

IV 

V 

VI 

VII 

Differences  in  per  cent  distil- 
lates   

0.4 

0.4 

7.2 

4.1 

3.1 

4.1 

0.0 

The  above  figures  must  be  taken  as  only  illustrative  of  the 
effect  of  taking  into  account  or  disregarding  emergent  stem  cor- 
rections and  should  not  be  used  as  a  means  for  correcting  results. 

VII.  A  SUGGESTED  METHOD  OF  TESTING  THERMOMETERS 
USED  IN  DISTILLATION  APPARATUS 

The  total  correction  which  must  be  applied  to  the  readings  of 
a  thermometer  used  in  a  distillation  flask  to  reduce  these  readings 
to  those  corresponding  to  the  temperature  of  the  vapor  may  be 
considered  as  made  up  of  three  parts — (a)  the  scale  correction, 
i.  e.,  the  correction  to  the  reading  of  the  thermometer  which 
could  be  obtained  by  comparing  its  readings  when  totally  im- 
mersed with  the  corrected  readings  of  a  standard  thermometer; 
(b)  the  emergent  stem  correction,  which,  as  heretofore  explained, 
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is  the  correction  due  to  the  emergent  stem;  and  (c)  the  correc- 
tions which  should  be  applied  to  allow  for  effect  of  condensing 
oil  and  of  radiation.  Tables  of  emergent  stem  corrections  have 
been  previously  given,  and  the  application  of  these  corrections  to 
the  thermometer  readings  would  suffice  to  reduce  the  readings  to 
true  temperatures,  if  it  could  be  assumed  that  the  other  correc- 
tions mentioned  above  were  negligible.  This  is  seldom  the  case, 
however,  as  the  scale  correction  itself  in  some  cases  might  exceed 
5°.  To  provide  a  means  whereby  the  total  correction  may  be 
determined  to  an  accuracy  sufficient  for  most  oil  distillations — 
i.  e.,  about  i°  or  2° — the  following  method  is  suggested: 

The  method  involves  the  boiling,  in  the  distillation  flask  to  be 
used,  of  certain  substances  of  known  "boiling  points."  For  dis- 
tillations above  200°  the  substances  suggested  are  naphthalene, 
B.  P.  218°,  and  anthracene,  B.  P.  340°.  The  thermometer  to  be 
tested  is  placed  as  for  a  distillation  test  and  read  with  its  bulb 
immersed  in  the  vapors  of  these  substances.  The  difference 
between  the  temperature  of  the  vapor  and  the  reading  will  be 
the  total  correction  to  the  thermometer  at  these  two  points,  pro- 
vided the  conditions  correspond  to  those  of  an  actual  distillation, 
and  if  this  correction  could  be  considered  as  changing  linearly  a 
straight  line  drawn  between  the  two  corrections  plotted  on  coor- 
dinate paper  would  represent  the  total  corrections  to  the  ther- 
mometer at  intermediate  points.  It  has  been  shown,  however, 
that  one  of  the  factors  in  the  total  correction,  viz,  the  emergent 
stem  correction,  does  not  change  linearly  with  respect  to  tem- 
peratures. An  inspection  of  the  correction  curves  in  Figs.  2,  3,  4, 
and  5  shows  that  the  curves  depart  from  a  straight  line  by  as 
much  as  2°,  and  hence,  if  a  greater  accuracy  than  this  is  desired, 
an  allowance  for  this  curvature  must  be  made.  Fig.  6  shows  the 
result  of  a  calibration  by  this  method  of  one  of  the  thermometers 
used  in  this  investigation.  Its  scale  corrections  were  already 
known.  Its  reading  in  the  vapor  of  naphthalene  was  214°,  in 
anthracene  vapor  329°;  the  total  correction  at  the  reading  214° 
was  therefore  +4°,  and  at  329°,  4- 11°.  The  dotted  line  in  Fig.  6 
is  a  straight  line  drawn  between  the  two  corrections  for  readings 
at  214°  and  329°.     In  drawing  the  solid  line  allowance  has  been 
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made  for  the  fact  that  the  emergent  stem  corrections  do  not 
change  linearly.  In  this  method  the  scale  correction  and  the 
corrections  mentioned  on  page  16  must  be  considered  as  changing 
linearly  between  the  two  readings,  unless  the  scale  corrections 
have  been  previously  determined,  in  which  case  allowance  may 
be  made  if  these  scale  corrections  do  not  change  uniformly. 

For  the  convenience  of  those  who  may  use  this  method,  a  table 
of  "deviation"  corrections  is  given,  namely.  Table  8.  These  cor- 
rections were  obtained  by  plotting  a  curve  corresponding  to  the 
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Fig .  6 . — Total  correction  curve.     Thermometer  used  in  ordinary  side-neck  distillation  jiask 

average  of  the  emergent  stem  corrections  given  in  Table  i  for  the 
four  types  of  flasks  and  finding  the  amount  that  the  curve  thus 
obtained  deviated  from  a  straight  line  passing  through  readings 
corresponding  to  temperatures  of  218°  and  340°. 


TABLE  8 
Deviation  Corrections 


Readings 

200° 

220° 

240° 

260° 

280° 

300° 

320° 

340° 

350° 

Corrections 

+0°.7 

-0°.l 

-0°.6 

-0°.8 

-0°.8 

-0°.6 

-0°.2 

+0°.4 

+0°.7 

To  find  by  this  method,  then,  the  total  corrections  to  a  ther- 
mometer in  a  distillation  flask,  first  find  the  total  corrections  to 
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the  thermometer  for  readings  in  naphthalene  and  anthracene, 
then  from  these  two  corrections  construct  a  table  or  a  plot  repre- 
senting a  series  of  corrections  changing  linearly  between  200°  and 
350°.  Finally,  to  allow  for  the  nonuniformity  of  the  stem  cor- 
rection curve,  add  algebraically  to  the  corrections  found  by  linear 
interpolation,  as  indicated  above,  the  deviation  corrections  given 
in  Table  8,  and  the  resulting  corrections  will  be  the  total  correc- 
tions to  the  thermometer,  within  certain  limits  of  error  which  have 
already  been  discussed. 

In  boiling  either  naphthalene  or  anthracene  the  condensed  sub- 
stance will  solidify  in  the  outlet  tube  and  close  it,  and,  except  in 
the  retort,  the  vapor  will  then  rise  in  the  neck  of  the  flask.  If  the 
flame  is  hot  enough,  the  condensation  line  of  the  vapor  will 
eventually  reach  the  top  of  the  neck  of  the  flask. 

The  height  of  the  vapor  of  napththalene  and  anthracene  in  the 
neck  of  the  flask  should  be  the  same  as  it  is  in  the  creosote-oil  dis- 
tillation; but  as  in  the  latter  case  the  condensation  line  is  not  sharp, 
special  experiments  were  made  to  determine  just  where  the  con- 
densation line  with  naphthalene  and  anthracene  should  be  in  order 
that  the  above  condition  should  be  satisfied.  These  experiments 
showed  that  the  thermometer  should  be  read  in  naphthalene  and 
anthracene  when  the  line  of  condensation  reached  a  point  about 
3  cm  above  the  bottom  of  the  outlet  tube  (in  the  retort  the  top  is 
about  3  cm  above  the  bottom  of  the  outlet  tube) . 

The  following  directions  should  be  observed  in  determining  the 
total  corrections  of  a  distillation  thermometer  by  measurements 
in  the  vapors  of  boiling  naphthalene  and  anthracene: 

1.  The  flask  must  be  shielded  and  the  thermometer  placed 
according  to  the  specifications  for  distilling  creosote  oil  with  the 
type  of  flask  used. 

2.  The  substance  (naphthalene  or  anthracene)  must  be  melted 
and  boiling  commenced  slowly,  and  the  thermometer  must  be  read 
when  the  condensation  line  reaches  a  point  3  cm  above  the  bottom 
of  the  outlet  tube. 

3.  Care  must  be  taken  that  there  is  an  opening  in  the  cork  to 
insure  that  there  shall  be  no  excess  of  pressure  inside  the  flask. 

The  method  was  not  applied  to  the  Hempel  flask  with  beads  in 
the  neck.     There  may  be  some  difficulty  in  this  case  owing  to  the 
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clogging  of  the  beads  by  the  solidified  anthracene,  necessitating 
special  heating  of  the  neck  of  the  flask. 

VIII.  THE  BOILING  POINT  OF  ANTHRACElffE 

The  boiling  point  of  naphthalene  has  been  accurately  deter- 
mined. The  boiling  point  of  anthracene  was  not  known  accurately. 
A  series  of  observations  showed  that  in  the  glass  flasks  the  tem- 
perature of  the  vapor  is  340°  at  standard  atmospheric  pressure. 
Investigation  showed  that  the  ordinary  purified  yellow  anthracene 
could  be  used  in  obtaining  the  boiling  point  of  the  substance.  A 
limited  number  of  experiments  showed  no  significant  difference 
between  the  boiling  point  of  the  yellow  variety  and  the  most  highly 
purified  white  material.  The  temperature  was  measured  with 
both  a  mercurial  thermometer  and  a  thermocouple.  The  mean 
gave  340°  as  the  temperature  of  the  vapor  of  anthracene  boiling 
at  standard  atmospheric  pressure  and  it  can  probably  be  depended 
upon  to  1°.  The  temperature  of  boiling  substances  is  influenced 
by  changes  in  atmospheric  pressure.  The  temperature  of  boiling 
water  increases  approximately  0^.04  per  millimeter  increase  of 
pressure,  naphthalene  o°.05  per  millimeter,  and  anthracene  0^.07 
per  millimeter.  This  last  figure  is  only  approximate  and  was 
computed  from  the  known  relations  between  boiling  points  and 
pressures.  It  can  be  seen  that  in  the  case  of  naphthalene  and 
anthracene  a  range  of  variation  of  a  degree  in  the  temperature  of 
the  vapor  is  possibly  due  to  variations  in  the  local  barometric 
pressure.  However,  if  a  barometer  is  not  at  hand,  the  correction 
can  be  assumed  to  be  negligible  under  normal  weather  conditions 
for  localities  not  more  than  a  few  hundred  feet  above  sea  level. 

IX.  SUMMARY 

Emergent  stem  correction  errors  in  creosote  oil  distillation 
flasks  are  discussed,  and  corrections  applicable  to  a  particular 
type  of  thermometer  when  used  in  any  one  of  four  different  types 
of  distillation  flasks  were  determined.  Tables  of  corrections  are 
given  applicable  to  these  four  types  of  flasks. 

The  emergent  stem  correction  may  amount  to  as  much  as  17° 
at  350°. 
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The  emergent  stem  corrections  applicable  to  the  different  types 
of  flasks  do  not  differ  much  from  each  other  for  similar  ther- 
mometers read  at  the  same  temperature,  the  greatest  difference 
being  2°.  This  is  one  reason  why  the  published  results  of  dis- 
tillation tests  made  with  different  types  of  flasks  agree  fairly  well. 
From  the  standpoint  of  temperature  measurement  and  in  parti- 
cular emergent  stem  correction  there  is  therefore  little  to  choose 
between  the  different  types  of  flasks. 

The  most  desirable  type  of  mercurial  thermometer  to  use  is 
probably  the  continuous-scale  graduated-stem  type  divided  into 
degrees,  the  length  of  a  degree  interval  being  about  0.8  mm. 
The  thermometer  should  be  ''filled  under  pressure"  to  prevent 
distillation  of  the  mercury,  should  be  well  annealed  to  prevent  a 
rise  of  the  readings  with  continued  heating,  and,  if  possible, 
should  have  its  scale  corrections  determined  by  a  standardizing 
laboratory.  The  undesirability  of  using  a  thermometer  with  an 
enlargement  in  the  stem  between  the  bulb  and  the  scale  has  been 
discussed.  Thermometers  could  be  scaled  to  read  correctly  when 
immersed  to  the  point  at  which  they  were  to  be  used  in  distilla- 
tion flasks  by  making  use  of  the  corrections  obtained  in  this 
paper.  However,  owing  to  the  confusion  which  might  arise  in 
the  use  of  such  instruments  and  the  difficulty  which  would  be 
encountered  in  attempting  to  graduate  or  test  them,  such  a  pro- 
cedure is  hardly  thought  justified  at  the  present  time. 

A  method  suggested  for  finding  the  total  correction  to  ther- 
mometers used  in  distillation  flasks  by  reading  the  thermometer 
first  in  the  vapor  of  boiling  naphthalene  and  then  in  the  vapor  of 
boiling  anthracene  was  investigated  and  found  to  be  practicable 
and  sufficiently  accurate  (about  1°  or  2°)  for  distillation  practice. 

A  significant  disagreement  in  the  fractions  will  result  if  correc- 
tions are  made  in  one  case  for  emergent  stem  and  not  in  another. 

As  a  final  conclusion,  it  might  be  said  that  even  if  the  methods 
suggested  here  are  not  adopted  the  investigation  will  at  least  call 
attention  to  the  great  possibility  of  wide  disagreement  in  the 
results  obtained  in  different  commercial  practices  where  mercu- 
rial thermometers  are  used  with  utter  disregard  to  the  emergent 
stem  correction  errors.     To  repeat  what  has  already  been  said, 
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how  can  the  results  in  different  laboratories  be  expected  to  check 
when  in  one  case  a  correction  is  made  for  the  emergent  stem,  in 
another  it  is  not,  and  in  another  perhaps  a  thermometer  scaled 
for  partial  immersion  may  be  used  under  conditions  totally- 
different  from  those  for  which  it  was  intended  ?  It  is  to  be  hoped 
that  this  paper  will  assist  in  bringing  about  greater  uniformity 
in  the  making  of  distillation  tests,  especially  from  the  standpoint 
of  temperature  measurements. 

Washington,  March  29,  191 5. 


DEPARTMENT    OF    COMMERCE 

BURELAU    OF  STANDARDS 

S.  W.  STRATTON,  Director 


TECHNOLOGIC  PAPERS  OF  THE  BUREAU  OF  STANDARDS,  NO.  50 


[Issued  September  25,  1915] 


VISCOSITY  OF  PORCELAIN  BODIES  HIGH  IN  FELDSPAR 


A.  V.  Bleininger  and  C.  S.  Kinnison 


The  present  work  is  a  continuation  of  the  experiments  reported 
in  Technologic  Paper  No.  30  in  which  the  elongation  of  porcelain 
bars,  subjected  to  a  tensile  stress  of  5  pounds  per  square  inch, 
was  studied  in  connection  with  variations  in  composition  and  at 
several  temperatures. 

The  object  of  the  work  was  to  determine  the  range  of  compo- 
sitions showing  greatest  rigidity,  at  the  highest  kiln  temperatures, 
information  which  should  be  useful  in  selecting  bodies  subject  to 
minimum  deformation  in  firing,  and  hence  causing  least  loss  in 
manufacture  due  to  deformed  ware. 

The  shape  of  the  specimen  was  different  from  the  one  used  in 
the  earlier  study  and  is  shown  in  Fig.  i .  This  test  piece  proved  to 
be  very  satisfactory.  The  compositions  of  the  porcelains  thus 
studied  were  intended  to  include  higher  feldspar  contents  and 
have  been  compiled  in  the  following  table: 

TABLE    1 
Composition  of  Bodies 


Number 


Clay 


Per  cent 

35 
35 
35 
35 
35 
40 
40 
40 
40 


Feldspar 

Flint 

Per  cent 

Per  cent 

30 

35 

40 

25 

50 

15 

60 

5 

65 
30 

30 

40 

20 

50 

10 

60 

Number 


Clay 

Feldspar 

Per  cent 

Per  cent 

45 

30 

45 

35 

45 

40 

45 

50 

45 

55 

50 

30 

50 

40 

50 

45 

50 

50 

Flint 


Per  cent 

25 

20 

15 

5 

20 

10 

5 
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The  clay  content  was  made  up  of  North  Carolina  kaolin,  Georgia 
kaolin,  and  TennCvSsee  No.  3  ball  clay  in  the  ratios  of  5  :  i  :  i. 
The  feldspar  used  was  an  average  grade  of  potash  spar,  and  was 
the  same  used  in  the  previous  Vvork.     The  bodies  were  prepared 


by  grinding  wet  in  the  ball 
molds  were  used  in  pressing 


Cj        6\ 


%i 


mill  and  filter  pressing.  Plaster 
the  specimens.  After  the  pieces 
were  dry,  fine  shrinkage  marks 
were  made  on  them  4  inches 
apart.  All  of  the  specimens 
were  first  burned  to  cone  10. 
The  fire-clay  load  pieces  to  be 
attached  to  the  lower  end  of  the 
specimens  were  made  at  first  to 
weigh  5  pounds,  but  it  was  found 
that  tliis  weight  was  entirely 
inadequate,  since  no  deforma- 
tion was  obtained  at  all.  Burns 
were  made  then  v/ith  pieces 
giving  7.5  and  finally  14.5 
pounds  per  square  inch.  This 
weight  was  adopted  as  the 
standard  condition  for  this 
series. 

This  shows  clearly  that  the 
bodies  previously  studied,  con- 
taining from  10  to  25  per  cent 

Shape  of  test  piece  used  in  defer-  ^£  feldspar,  show  far   lesS  rCsist- 
mation  experhnents 

ance  to  deformation  under  ten- 
sile stress  than  the  present  series  v/ith  higher  feldspar  contents. 
This  would  appear  to  be  logical  from  the  viscous  nature  of  the 
feldspar.  Several  runs,  made. below  1275°  C,  showed  contraction; 
elongation  due  to  softening  was  first  observed  at  this  temperattue. 
It  is  quite  probable  that  contraction  and  elongation  practically 
neutralized  each  other  mthin  this  temperature  region.  The  pieces 
were  hung  from  fireclay  grids,  the  weight  pieces  attached  and  the 
kiln  brought  to  the  desired  temperature  at  the  rate  of  30°  C  per 
hour.  All  bodies  were  vitrified  and  nonabsorbent.  The  lengthen- 
ing of  the  pieces  is  expressed  in  terms  of  the  length  after  the 
biscuit  burn  at  cone  10. 


Fig 


I.- 
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RESULTS. 

The  results  obtained  are  compiled  in  Table  2,  and  for  bodies 
Nos.  8  to  18  are  shown  graphically  in  Figs.  2,3,  and  4.  In  the 
35  per  cent  clay  series  a  number  of  pieces  were  found  to  be  broken 
at  the  higher  temperatures,  indicating  that  with  low  clay  content 
low  tensile  strengths  are  obtained.  ..  This  is  to  be  expected,  since 
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Fig.  2. — Elongation  of  40  per  cent  clay  series 

in  the  previous  series  a  load  of  5  pounds  per  square  inch  was  sufli- 
cient  to  bring  about  decided  deformation.  The  results,  although 
incomplete,  bring  out  quite  clearly  the  fact  that  with  low  clay 
content  high  percentages  of  feldspar  are  effective  in  reducing  the 
rigidity  or  viscosity  of  the  body.  At  the  temperatures  involved 
such  bodies  are  far  more  subject  to  deformation  than  those  having 
a  higher  clay  content. 
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TABLE   2 
Elongation  Measurements 


Number 

Biscuit 
length 

Length, 

1275° 

Length, 

1295° 

Length, 
1315° 
1320° 

2.62 
2.62 
2.50 
Broke. 
2.55 
2.51 
2.51 
2.50 
2.54 
2.48 
2.50 
2.49 
2.45 
2.49 
2.46 
2.46 
2.45 
2.45 

Length, 

1345° 
1350° 

Length, 

1380° 

Elong., 
2175° 

Elong., 

1295° 

Elong., 

1315° 
1320° 

Elong., 
1345° 
1350° 

Elong., 

1380° 

1 

2.56 
2.56 
2.48 
2.51 
2.51 
2.50 
2.49 
2.48 
2.50 
2.46 
2.49 
2.46 
2.44 
2.46 
2.45 
2.44 
2.43 
2.44 

2.56 
2.57 
2.48 
2,51 
2.51 
2.50 
2.49 
2.43 
2.53 
2.46 
2.49 
2.46 
2.44 
2.46 
2.45 
2.44 
2.43 
2.44 

2.5G 
2.59 
2.49 
2.53 
2.53 
2.51 
2.50 
2.49 
2.52 
2.48 
2.50 
2.48 
2.45 
2.47 
2.46 
2.45 
2.45 
2.45 

2.66 

Broke. 

2.54 

Broke. 
Broke. 

Per  ct. 
0.0 

.4 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 

Per  ct. 

0.0 
1.2 
.4 
.8 
.8 
.4 
.4 
.4 
.8 
.8 
.4 
.8 
.4 
.4 
.4 
.4 
.8 
.4 

Per  ct. 

2.3 

2.3 

.8 

Per  ct. 
3.9 

Per  ct. 

2 

3 

2.4 

4 

5 

Broke. 

2.51 
2.51 
2.50 
2.54 
2.48 
2.50 
2.49 
2.45 
2.49 
2.46 
2.46 
2.45 
2.45 

2.55 
2.54 
2.52 
2.56 
2.49 
2.54 
2.51 
2.47 
2.50 
2.48 
2.47 
2.46 
2.46 

1.6 
.4 
.8 
.8 

1.6 
.8 
.4 

1.2 
.4 

1.2 
.4 
.8 
.8 
.4 

! 

6 

.4 
.8 
.8 

1.6 
.8 
.4 

1.2 
.4 

1.2 
.4 
.8 
.8 
.4 

2.0 

7 

2.0 

8 

1.6 

9 

2.4 

10 

1.2 

11 

2.0 

12 

2.0 

13 

1.2 

14 

1.6 

15 

1.2 

16 

L2 

17 

1.2 

18 

.8 

From  the  observations  upon  the  40  per  cent  clay  series  it  appears 
that  the  greatest  degree  of  softening  is  reached  with  60  per  cent 
feldspar  (no  flint).  The  presence  of  flint  increases  the  viscosity. 
Of  bodies  Nos.  6,  7,  and  8  the  ones  containing  30  and  40  per  cent 
of  feldspar  seem  to  reach  about  the  same  degree  of  viscosity  at 
the  maximum  temperature.  -The  greatest  rigidity  at  the  highest 
temiperature  seems  to  be  shown  with  a  feldspar  content  of  50  per 
cent.  At  1345°  C,  body  No.  6,  consisting  of  30  per  cent  feldspar 
and  30  per  cent  flint,  is  most  rigid.  Of  considerable  interest  in 
this  set  of  curves  is  the  fact  that  three  distinct  viscosity  stages 
are  recognized.  At  first,  softening  is  observed  which  at  from 
1295  to  1315°  C  changes  to  a  state  of  rigidity,  since  no  further 
elongation  is  noted.  This  condition  remains  constant  up  to  1345° 
C,  from  which  point  on  a  decided  loss  in  rigidity  is  noted  and  the 
elongation  becomes  quite  marked.  This  would  seem  to  indicate 
further  solution  of  flint  and  clay  by  the  feldspar,  resulting  in  a 
viscous  magma  able  to  resist  deformation.  At  1345°  the  tem- 
perature, however,  is  sufficiently  high  to  bring  about  softening  of 
the  entire  mass.     According  to  the  viscosity  attained  between 
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about  1300°  and  1345°  tliree  classes  of  bodies  may  be  recognized, 
comprised,  respectively,  of  No.  6,  Nos.  7  and  8,  and  No,  9.  The 
first  of  these  evidently  is  the  most,  the  last  the  least  rigid  Avithin 
this  temperature  range. 

In  the  45  per  cent  clay  series  the  lowest  viscosity  (greatest  degree 
of  softening)  at  the  maximum  temperature  appears  with  35  and 
40  per  cent  feldspar,  the  least  with  30  and  50  per  cent.  The 
body  containing  55  per  cent  of  feldspar  is  in  the  intermediate  posi- 
tion as  far  a^  this  point  is  concerned.  The  greatest  degree  of 
early  softening  is  shown  by  Nos.  12  and  14.  The  most  rigid  body 
up  to  1345°  is  No.  II,  and  hence  it  would  appear  to  be  the  safest 
as  far  as  deformation  is  concerned,  within  the  temperature  range 
indicated.  A  shorter  zone  of  zero  deformation  increase  is  shown 
by  Nos.  12  and  14.  The  tliree  viscosity  stages  mentioned  above 
are  again  noted  in  this  series.  Between  about  1300  and  1345° 
three  classes  of  bodies  may  be  observed,  namely,  those  of  minimum 
viscosity,  Nos.  11  and  13,  of  intermediate  viscosity,  No.  10,  and 
greatest  viscosity,  Nos.  12  and  14. 

The  far-reaching  effect  of  higher  clay  content  is  at  once  noted 
in  the  50  per  cent  clay  series.  At  1380°  Nos.  15,  16,  and  17  reach 
the  greatest  degree  of  softening  corresponding  to  an  elongation  of 
1.2  per  cent,  which  is  very  much  less  than  the  maximum  value 
for  the  other  series.  The  system,  therefore,  by  the  further  addi- 
tion of  clay  has  become  as  a  whole  very  much  more  rigid.  The 
smaller  degree  of  softening  is  shown  by  Nos.  15  and  18.  The  body 
containing  50  per  cent  feldspar  is  decidedly  more  viscous  than  the 
others  containing  flint.  These  two  bodies  and  No.  13  are  the  ones 
showing  least  deformation  of  the  entire  series  of  18  bodies.  We 
again  note  the  three  viscosity  stages  obsen^ed  in  the  preceding 
series  and  two  classes  of  bodies,  Nos.  15  and  18,  and  16  and  17. 

Collecting  the  bodies  showing  the  greatest  rigidity  or  viscosity 
at  1345°,  we  have  the  follovring  compositions: 


Number 

Clay 

Feldspar 

Flint 

6 

Per  cent. 
40 
45 
45 
50 
50 

Per  cent. 
30 

35 
50 
30 
50 

Per  cent. 
30 

11 

20 

13 

5 

15 

20 

18 
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SUMMARY. 

Throughout  these  series  the  effect  of  higher  feldspar  content 
was  to  increase  viscosity  in  a  very  marked  degree,  especially  in 
the  case  of  the  low  clay  bodies.  This  is  shown  by  a  comparison 
of  the  elongation  observed  in  the  first  paper  published,  using  a 
load  of  5  pounds  per  square  inch,  with  that  observed  in  the  present 
work,  employing  a  load  of  14.5  pounds  per  square  inch.  Thus  a 
body  with  40  per  cent  clay  and  25  per  cent  feldspar  under  a  stress 
of  5  pounds  per  square  inch  showed  at  1310°  an  elongation  of 
7.62  per  cent,  wliile  one  with  40  per  cent  clay  and  30  per  cent 
feldspar,  with  a  load  of  14.5  poimds  per  square  inch,  resulted  at 
1315°  in  an  elongation  of  only  0.8  per  cent,  indicating  a  viscosity 
about  1 1 .8  times  as  great.  A  slight  decrease  in  viscosity  is  noted 
in  the  40  per  cent  clay  series  when  all  of  the  flint  is  replaced  by 
feldspar.  With  45  per  cent  clay,  35  and  40  per  cent  of  feldspar 
are  most  effective  in  decreasing  the  viscosity,  but  higher  percent- 
ages again  increase  it.  A  still  higher  clay  content  causes  the 
softening  effect  of  the  feldspar  to  diminish  decidedly.  Flint  in 
such  high  feldspar  bodies  does  not  seem  to  be  an  important 
factor  in  governing  the  viscosity.  The  greatest  rigidity  is  evi- 
dently due  to  the  large  clay  content,  and  hence  for  high  tempera- 
ture porcelains  high  clay  content  is  essential. 

The  function  of  viscosity  is  not  a  continuous  one.  After  attain- 
ing a  certain  degree  of  softening  a  well-defined  rigid  state  ensues 
which  does  not  tend  to  approach  further  softening  until  a  tem- 
perature of  1345°  has  been  reached.  Beyond  this  point  the  second 
stage  of  decided  softening  is  entered  upon.  Although  showing 
the  same  degree  of  viscosity  at  1388°,  bodies  may  be  divided  into 
several  classes,  according  to  the  degree  of  softening  observed 
between  about  1300°  and  1345°,  which  seems  to  be  the  most  useful 
criterion.  High  clay  bodies  having  feldspar  as  the  only  other 
constituent  show  very  great  viscosity.  The  most  viscous  bodies 
have  been  assembled. 

The  results  should  be  of  some  service  in  the  selection  of  bodies 
least  subject  to  deformation  in  the  firing  process. 

Washington,  June  15,  191 5. 
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I.  INTRODUCTION 

Clays  suspended  in  water  are  affected  by  the  presence  of  small 
amounts  of  electrolytes  to  a  remarkable  extent.  Alkalies  tend  to 
hold  the  clay  in  suspension  in  a  fine-grained  and  jellylike  mass 
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(state  of  deiiocculation) ;  acids  and  salts  operate  to  coagulate  and 
precipitate  the  material,  leaving  a  clear  supernatant  solution  (state 
of  fiocculation) .  The  viscosity  of  the  clay-water  system  may  also 
be  caused  to  change  so  that  a  constant  degree  of  fluidity  can  be 
maintained  with  a  low  water  content  by  the  use  of  alkaline  sub- 
stances and  with  a  high  water  content  by  the  addition  of  acids 
and  salts.  The  changes  in  the  viscosity  of  the  system  make 
possible  the  employment  of  such  a  process  for  accomplishing  defi- 
nite industrial  objects. 

Clays  consist  of  a  more  or  less  heterogeneous  collection  of  coarser 
and  finer  mineral  particles,  varying  in  specific  gravity,  size,  and 
shape. 

The  particles  of  the  clay  substance  proper  may  be  estimated  to 
have  a  mean  diameter  of  about  0.005  mm  with  grains  possibly  as 
large  as  0.0 1  mm  and  some  so  small  as  to  become  submicroscopic. 
Zsigmondy  ^  estimates  the  mean  length  of  kaolin  particles  to  be 
0.003  mm.  Using  the  elutriating  apparatus,  a  velocity  of  the 
water  current  of  0.18  mm  per  second  is  supposed  to  remove  all  of 
the  clay  substance.  The  nonplastic  portion  of  the  clay  is,  as  a 
rule,  considerably  coarser,  though  not  always,  as  it  is  quite  possible 
to  have  present  quartz,  ferric  oxide,  and  other  minerals  in  an 
extremely  fine  state.  The  action  of  the  electrolytes  concerns 
chiefly  the  very  finest  material  and  decreases  in  effectiveness  with 
the  size  of  the  particles. 

It  may  be  possible,  by  lowering  the  viscosity  of  the  clay- water 
suspension,  to  bring  about  a  more  or  less  complete  separation  of 
the  slightly  coarser  and  heavier  grains  from  the  more  finely  dis- 
persed matter,  a  differentiation  which  would  not  be  possible  with- 
out the  use  of  the  alkaline  reagent.  Again,  since  the  principal 
impurities,  the  iron-carrying  minerals,  and  the  quartz  are  essen- 
tially coarser  grained  than  the  clay  substance  proper,  such  a  pro- 
cedure would  render  the  elimination  of  these  substances  feasible, 
and  hence  points  out  a  way  toward  purifying  the  kaolins,  which 
constitute  the  basis  of  all  white  ware  and  porcelain.  The  prin- 
cipal objection  to  the  use  of  American  kaolins  has  been  the  claim 
that  they  are  not  as  pure  as  the  corresponding  European  materials. 

^  Zur  Erkenntniss  der  KoUoide. 
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It  would  seem,  therefore,  a  matter  of  sufficient  economic  impor- 
tance to  study  the  effects  brought  about  by  the  use  of  alkaline 
salts  in  the  washing  process. 

The  casting  process  consists  in  shaping  clay  articles  of  all  shapes 
and  sizes  by  pouring  a  thick  water  suspension  of  the  body  ingre- 
dients (slip)  into  plaster  of  Paris  molds.  The  porous  plaster  at 
once  begins  to  absorb  water  from  the  slip  and  a  coating  of  the 
clay  body  forms  on  the  surface  of  the  mold.  After  a  sufficient 
length  of  time  has  elapsed,  depending  upon  the  thickness  of  Vv'all 
desired,  the  remaining  slip  is  poured  off,  leaving  the  required 
shape  of  the  article  within  the  mold.  Upon  partial  drying,  the 
clay  body  stiffens  and  shrinks  away  from  the  mold  so  that  the 
piece  can  be  removed  and  drying  completed.  By  making  up  a 
body  mixture  into  a  slip  with  pure  water,  the  resulting  shrinkage 
of  the  cast  piece  would  be  very  high,  and  in  the  case  of  heavy 
articles  considerable  loss  due  to  checking  and  cracking  would  be 
caused.  By  the  addition  of  alkaline  compounds,  usually  a  mix- 
ture of  sodium  carbonate  and  sodium  silicate,  the  amount  of  water 
required  is  decreased  very  greatly  and  with  it  the  drying  shrinkage. 
The  sodium  salts,  therefore,  are  necessary  for  successful  casting. 

The  effect  of  the  alkaline  reagents  is  complex  in  character  and 
varies  with  the  nature  of  the  clay  and  the  amount  of  salts  added. 
Increasing  proportions  of  the  alkali  usually  bring  about  increasing 
suspension  of  the  fine  particles,  a  condition  which  reaches  a  well- 
defined  maximum — complete  deflocculation.  Further  additions 
tend  to  reverse  the  equilibrium  and  the  material  is  precipitated  or 
coagulated.  This  may  again  be  followed  by  another  defloccula- 
tion phase.  Cla3^s  carrying  soluble  salts,  like  calcium  or  mag- 
nesium sulphate,  do  not  respond  readily  to  the  alkafine  reagents, 
because  of  reaction  between  the  sulphate  and  the  sodium  salt. 

The  present  work  was  undertaken  for  the  purpose  of  studying 
the  effect  of  the  alkalies  upon  the  behavior  of  clay  suspensions, 
embracing  the  materials  common^  used  in  the  manufacture  of  the 
finer  clay  products,  with  special  reference  to  the  purification  of 
clays  and  the  casting  process. 
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II.  EFFECT  OF  ALKALIES  UPON  THE  SEDIMENTATION  OF 

CLAYS 

1.  GENERAL  PRINCIPLES 

The  deflocculating  effect  of  alkali  additions  to  clays  may  be 
observed  visually  by  the  change  in  the  appearance  of  the  suspen- 
sion, the  holding  up  of  cloudy  masses  of  the  material  and  also  by 
the  determination  of  the  viscosity  of  the  clay-water  system.  De- 
fiocculation  corresponds  to  decreasing  viscosity  and  the  maximum 
stage  coincides  with  minimum  viscosity. 

The  differences  obtaining  between  the  conditions  of  the  settling  of 
clay  in  water  and  in  such  an  alkaline  solution  may  be  readily  illus- 
trated by  placing  equal  amounts  of  the  same  kaolin  in  two  glass 
tubes  and  adding  to  one  ordinary  water  and  to  the  other  the  same 
volume  of  a  solution  carrying  the  proper  amount  of  alkali  required 
to  bring  about  complete  defiocculation.  In  the  tube  containing 
the  water,  sedimentation  of  the  coarser  particles  will  be  observed, 
but  the  amount  of  coarser  material  thrown  down  will  be  less  than 
in  the  case  of  the  alkaline  solution.  Likewise,  the  precipitated 
granular  matter,  in  the  case  of  the  water,  will  be  found  to  contain 
more  or  less  fine  clay  matter  carried  down  mechanically,  while 
the  alkaline  solution  brings  about  a  clean,  sharp  separation  be- 
tween the  two  kinds  of  material. 

Again,  while  the  clay- water  suspension  may  still  carry  particles 
of  iron-carrying  minerals,  like  larger  flakes  of  biotite  mica,  these 
have  been  settled  in  the  deflocculating  solution. 

By  comparing  a  drop  of  the  alkaline  suspension  under  the  micro- 
scope with  a  drop  of  the  ordinary  water  slip  the  former  will  be 
found  to  contain  a  far  greater  number  of  particles  showing 
Brownian  movement.  Evidently  the  alkali  has  been  active  in 
increasing  the  dispersion  of  the  clay  substance.  Upon  adding  to 
the  alkaline  suspension  an  amount  of  acid  greater  than  that  re- 
quired for  neutralization  coagulation  will  take  place.  The  cloudy 
mass  will  be  precipitated  to  the  bottom  of  the  tube  and  the 
supernatant  solution  will  appear  clear.  The  Brownian  move- 
ment of  the  particles  will  have  diminished  greatly  because  of  their 
larger  size. 
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The  prompt  settling  of  the  granular  particles  brought  about  by 
the  decreased  viscosity  of  the  system  is  explained  by  the  funda- 
mental relation  expressed  by  Stoke 's  law 

9  k 

where  2;  =  velocity  of  settling,  r  =  radius  of  particles,  fe  =  viscosity, 
^1=  density  of  fluid,  c^  =  density  of  particles,  and  ^  =  gravity  con- 
stant, in  which  the  viscosity  factor  is  evidently  of  prime  impor- 
tance. ' 

The  physical  changes  of  the  suspension  are  quite  complex,  how- 
ever, for  if  dispersion  is  the  principal  function  involved,  it  must 
be  assumed  that  the  fine  grains  of  clay  already  present  should  be 
still  further  subdivided  into  submicroscopic  particles,  resulting  in 
a  certain  amount  of  lyophile,  emulsoidlike  substance.  Indeed, 
by  filtering  an  alkaline  clay  suspension  through  paper  such  a  mate- 
rial may  be  separated.  This  pseudoemulsoid  may  play  an  impor- 
tant part  in  such  a  suspension,  tending  to  prevent  further  decrease 
in  viscosity  and  to  hold  up  fine  particles  which  otherwise  might 
tend  to  settle. 

It  is  quite  well  understood  by  this  time  that  the  "liquefying" 
action  of  the  alkaline  salts,  sodium  carbonate,  and  sodium  silicate 
upon  clay  is  due  to  the  action  of  the  OH'  ions  present  in  the  solu- 
tion. Both  sodium  carbonate  and  sodium  silicate  are  strongly 
hydrolyzed,  containing  an  excess  of  hydroxy  1  ions,  according  to 
the  state  of  the  equilibrium,  the  temperature,  and  the  extent  to 
which  the  Na  ions  are  absorbed.  Sodium  carbonate  in  solution  is 
completely  ionized  into  2  Na*  and  CO3''  ions,  and  these  react  with 
the  OH'  and  the  H"  of  water  to  form  sodium  hydroxide  and  car- 
bonic acid,  respectively.  Similar  hydrolysis  occurs  with  the  so- 
dium silicate.  The  negatively  charged  OH'  ions  repel  the  simi- 
larly charged  clay  particles  electrostatically.  Repulsion  may  take 
place  only  when  the  electrical  charges  of  the  particles  are  approxi- 
mately equal.  This  increases  the  state  of  dispersion  of  the  sys- 
tem, breaking  up  the  larger  particles  into  smaller  ones.  Hence 
the  water  penetrates  more  deeply  into  the  clay  structure  and  causes 
the  clay  to  "liquefy."  The  maximum  amount  of  deflocculation 
is  brought  about  by  a  definite  concentration  of  OH'  ions,  and  if 
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exceeded,  "stiffening"  will  again  take  place,  during  which  period 
the  alkalinity  decreases.  This  stage  may  again  be  followed  by  a 
second  liquefaction,  due  to  absorption  of  the  salts.  Organic  col- 
loids appear  to  act  somewhat  similarly  to  the  sodium  salts  in 
bringing  about  increased  dispersion;  but  at  the  same  time  the 
latter  seem  to  protect  the  particles  against  flocculating  cations, 
so  that  the  suspension  is  less  sensitive  to  the  action  of  coagulating 
salts.  The  alkaline,  fluid,  casting  slip  without  the  presence  of  suf- 
ficient amounts  of  organic  colloids  is  at  once  changed  to  the  stif- 
fened condition  by  the  introduction  of  salts  like  the  sulphates  or 
chlorides  of  calcium,  magnesium,  or  aluminum.  The  presence  of 
such  salts  in  the  clays,  therefore,  requires  not  only  an  increased 
amount  of  alkali  to  bring  about  deflocculation,  but  may  even 
render  the  maximum  liquefaction  impossible. 

2.  USE  OF  ALKALINE  COMPOUNDS  IN  THE  WASHING  OF  CLAY 

The  principal  impurities  in  clay  are  the  minerals,  quartz,  feld- 
spar, siderite,  pyrite,  ilmenite,  biotite  mica,  and  ferric  oxide.  The 
first  five  usually  occur  in  granular  form,  while  the  biotite  mica  is 
found  in  flakes  more  difficult  to  separate ;  the  ferric  oxide,  usually 
hydrated,  may  be  present  entirely  as  a  colloid.  The  last  impu- 
rity, especially  in  the  case  of  very  fine-grained  clays,  offers  the 
greatest  difficulty  in  separation,  and  the  task  quite  often  is  hope- 
less, owing  to  the  fact  that  this  material  becomes  part  of  the  col- 
loidal structure  of  the  clay  itself. 

In  employing  alkaline  reagents  in  the  washing  of  clay  the  process 
employed  need  not  conflict  with  the  ordinary  washing  process  as 
now  practiced. 

The  clay  material  would  be  blunged  up  as  is  now  being  done, 
but  in  place  of  the  water  there  would  be  used  a  very  dilute  solu- 
tion of  caustic  soda  or  of  sodium  carbonate  and  sodium  silicate 
(water  glass),  in  equal  parts.  The  amount  of  soda  in  this  solu- 
tion should  correspond  to  the  amount  required  to  bring  about 
complete  deflocculation.  The  amount  of  reagents  to  be  added 
depends  upon  the  percentage  of  yield  and  the  character  of  the 
clay.  The  quantity  necessary  can  be  determined,  however,  Avith 
sufficient  accuracy,  so  that  for  each  ton  of  crude  clay  a  definite 
amount  of  the  alkali  compound  can  be  added.     After  the  slip  has 
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Fig.   I. — Effect  of  increasing  aynounts  of  NaOH  in  bringing  about  deflocculation  and 

rcflocculation 
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passed  through  the  settling  troughs  and  has  been  screened  and 
collected  in  the  settling  tank  it  is  allowed  to  stand. 

The  finer  impurities — fine  grains  of  silica,  biotite  mica,  etc. — 
will  now  settle.  The  time  of  settling  governs  the  degree  of  puri- 
fication attained.  Longer  standing  naturally  precipitates  more 
of  this  material  than  short  standing.  After  a  sufficient  period 
the  slip  is  now  run  into  another  tank  where  it  is  coagulated  for 
the  purpose  of  filter  pressing,  because  the  alkaline  condition, 
with  the  accompanying  degree  of  dispersion  into  exceedingly  fine 
particles,  would  tend  to  clog  the  filter  cloth,  and  also  would  cause 
the  press  water  to  run  off  turbid.  At  the  same  time  the  efficiency 
of  the  process  would  be  greatly  decreased  on  account  of  the  slow- 
ness of  filtration.  In  the  second  tank  the  coagulating  reagent, 
usually  aluminum  sulphate,  is  introduced,  whereupon  the  clay 
will  settle  out  in  a  curdled  mass,  which  is  pumped  to  the  filter 
press.  This  precipitation  can  not  be  carried  on  in  the  first  settling 
tank  for  the  obvious  reason  that  the  coagulated  clay  would  mix 
with  the  imputities  which  have  been  settled  out. 

The  amount  of  alkaline  reagent  to  be  used  depends  upon  the 
character  of  the  clay.  In  the  materials  investigated  so  far  in 
this  laboratory  the  amounts  varied  from  about  0.05  to  0.2  per 
cent,  or  from  i  to  4  pounds  per  ton  of  dried  clay.  The  actual  cost 
of  the  reagent,  therefore,  should  be  trifling  and  should  not  exceed 
7  to  8  cents  per  ton,  including  the  cost  of  the  aluminum  sulphate 
used  for  coagulation.  Too  great  an  addition  might  entirely 
nullify  the  action.  It  is  important,  therefor^,  that  in  each  case 
the  proper  amount  of  alkaH  be  determined  by  the  use  of  the 
viscosimeter,  or  by  means  of  a  series  of  glass  settling  tubes  in 
which  the  degree  of  deflocculation  is  readily  observed.  In  Fig.  i 
the  effect  of  increasing  amounts  of  caustic  soda  upon  fuller's 
earth  is  shown,  representing  the  phases  of  coagulation,  defloccu- 
lation, and  again  of  coagulation  after  standing  for  1 2  hours. 

In  rare  cases,  as  with  certain  Missouri  fire  clays,  sodium  oxalate 
has  been  found  to  be  more  effective  than  the  alkaline  compounds 
mentioned  above,  but  the  method  of  procedure  is  the  same. 

It  is  evident  from  the  nature  of  the  process  that  the  greater 
purity  of  the  clay  is  obtained  at  the  expense  of  an  increased 
amount  of  residue  or  waste,  a  fact  which  must  be  taken  into  con- 
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sideration  in  the  commercial  application  of  such  a  process.  So 
far  the  writer  knows  of  only  one  American  washing  plant  making 
successful  use  of  the  principles  involved  here,  and  our  own  work 
is  based  on  experiments  carried  on  in  the  laboratory  and  with 
comparatively  small  amounts  of  material.  It  would  seem,  there- 
fore, that  experiments  should  be  conducted  on  a  larger  scale. 
This  laboratory  would  be  pleased  to  be  of  assistance  in  helping 
to  carry  out  such  work  on  a  commercial  scale. 

III.  RESULTS   OBTAINED  IN  TREATING  SEVERAL  CLAYS 

1.  GEORGIA  KAOLIN 

It  was  thought  desirable  to  subject  some  commercial  clays 
used  in  the  pottery  industry  to  the  process  here  described  in 
order  to  determine  the  difference  between  the  treated  and  the 
untreated  materials.  These  clays,  with  the  exception  of  the 
ball  clay,  had  been  previously  washed  by  the  customary  process 
and  represented  commercial  shipments. 

Porcelain  bodies  in  which  the  clay  substance  was  partly  intro- 
duced, as  a  certain  brand  of  Georgia  kaolin,  were  found  to  con- 
tain particles  of  impurities  which  were  very  objectionable.  It 
was  also  known  that  the  same  clay  had  been  giving  trouble  in 
one  pottery  because  of  the  introduction  of  black  specks.  Some 
shipments  of  the  kaolin  were  more  objectionable  for  this  reason 
than  others,  the  washing  process  employed  at  the  mine  in  ques- 
tion being  somewhat  erratic. 

A  2  5 -pound  sample  of  the  Georgia  kaolin  was  taken  from  stock 
and  blunged  in  a  large  ball  mill  for  several  hours.  Portions  of 
the  slip  were  placed  in  500-cc  bottles  and  caustic  soda  in  amounts 
varying  from  0.05  per  cent  to  0.25  per  cent  was  added  to  the 
respective  bottles.  The  bottles  were  thoroughly  shaken  and 
allowed  to  stand  for  one-half  hour.  In  this  way  it  was  determined 
that  an  addition  of  o.  1 7  per  cent  of  caustic  soda  produced  disper- 
sion such  that  the  clay  slip  attained  maximum  fluidity  and  an 
accompanying  rapid  settling  out  of  the  coarser  particles. 

The  slip  was  placed  in  a  large  stoneware  jar,  0.17  per  cent  of 
caustic  soda  by  weight  added,  and  the  slip  thoroughly  stirred. 
After  allowing  to  settle  for  one-half  hour  the  material  in  suspen- 
sion was  siphoned  off,  passed  through  a  150-mesh  sieve,  aluminum 


Effect  of  Alkalies  upon  Clays  ii 

chloride  added,  and  the  flocculated  material  filter- pressed.  Disks 
lo  cm  in  diameter  were  made  by  pressing  the  rewashed  kaolin  in 
plaster  molds.  For  purposes  of  comparison  disks  were  also  pre- 
pared from  the  kaolin  as  received  from  the  clay  dealers.  Bodies 
having  a  composition  of  50  per  cent  clay,  30  per  cent  flint,  and  20 
per  cent  spar  were  made  up  from  the  kaolin  and  the  unwashed 
material  and  molded  into  lo-cm  disks. 

The  test  pieces  molded  from  the  kaolin  and  from  the  bodies 
were  fired,  unglazed,  to  cone  10  in  closed  saggers.  The  test  pieces 
molded  from  the  rewashed  kaolin  and  the  body  containing  the 
rewashed  kaolin  were  markedly  superior  in  color  and  freedom 
from  specks  to  those  molded  from  the  kaolin  taken  from  stock 
and  not  rewashed. 

2.  NORTH  CAROLINA  KAOLIN 

The  deflocculation  tests  on  Georgia  kaolin  were  duplicated  on  a 
sample  of  North  Carolina  kaolin  taken  from  stock  in  the  same 
manner,  the  quantity  of  caustic  soda  necessary  to  produce  the 
desired  dispersion  being  about  0.19  per  cent.  Test  pieces  were 
molded  as  before  and  fired  to  cone  10.  The  North  Carolina 
kaolins  appear  to  respond  more  quickly  to  the  action  of  the  alkali, 
the  coarser  material  settling  out  rapidly. 

Although  the  North  Carolina  kaolin  produced  a  whiter  color 
than  the  Georgia  and  contained  fewer  particles  of  dark-burning 
impurities,  a  noticeable  improvement  in  color  and  cleanness  was 
evident  in  the  test  pieces  molded  from  the  rewashed  material. 

3.  FLORIDA  KAOLIN 

Florida  kaolin  appears  to  respond  less  readily  to  the  action  of 
the  alkali  than  either  the  Georgia  or  North  Carolina  kaolins.  The 
deflocculation  tests  were  conducted  as  before  on  a  sample  pirr- 
chased  on  the  market.  The  amount  of  alkali  added  was  0.14  per 
cent,  but  some  difficulty  was  experienced  in  determining  just 
what  quantity  to  use.  The  Florida  kaolin  usually  produces  a 
very  good  white  color,  although  sometimes  it  may  contain  dark- 
colored  impurities  which  produce  objectionable  specks  in  the 
finished  piece. 
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The  test  pieces  produced  from  the  rewashed  kaoHn  and  fired  to 
cone  lo  were  sUghtly  improved  in  color  and  were  markedly  free 
from  the  black  specks  brought  out  in  the  test  pieces  molded  from 
the  clay  as  received  from  the  dealer  and  without  rewashing. 

4.  TENNESSEE  BALL  CLAY  NO.  3 

In  addition  to  the  characteristic  cream  or  buff  color  produced  in 
the  burning  of  ball  clays,  dark-colored  specks,  due  to  the  presence 
of  particles  of  impurities,  are  in  evidence.  On  account  of  the 
great  plasticity  and  the  consequent  difficulty  of  washing,  ball  clays 
are  placed  on  the  market  in  the  crude  state.  In  addition  the 
washing  of  ball  clays  is  discouraged,  owing  to  the  supposed  de- 
crease in  plasticity  accompanying  the  washing  process. 

The  washing  tests  on  the  Tennessee  No.  3  ball  clay  were  con- 
ducted in  a  manner  somewhat  different  from  that  for  the  kaolins. 
The  ball  clay  w^as  ground,  screened,  and  blunged  in  a  ball  mill  for 
a  short  time.  To  the  mill  charge  0.4  per  cent  by  weight  of  hydro- 
chloric acid  was  added  and  the  blunging  continued  for  several 
hours.  The  slip  was  placed  in  a  stoneware  jar  and  allowed  to 
settle.  The  supernatant  liquid  was  then  siphoned  off  and  dis- 
carded and  the  clay  again  blunged  with  a  supply  of  fresh  water, 
to  which  was  added  0.15  per  cent  by  weight  of  caustic  soda. 
After  standing  for  one  hour  the  suspended  matter  was  siphoned 
off,  flocculated  by  an  addition  of  aluminum  chloride,  and  filter- 
pressed. 

A  number  of  lo-cm  disks  were  molded  from  bodies  composed 
of  50  per  cent  ball  clay,  30  per  cent  flint,  and  20  per  cent  feldspar, 
the  washed  ball  clay  being  used  for  one  body  and  the  crude  ball 
clay  for  another.     The  disks  were  fired  to  cone  9  in  closed  saggers. 

The  body  prepared  from  the  washed  ball  clay,  although  show- 
ing the  characteristic  buff  color  of  this  type  of  clay,  was  much 
improved  as  regards  cleanness  of  color  and  freedom  from  specks 
of  iron-bearing  minerals.  The  buff  color  was  also  slightly  light- 
ened in  the  bodies  prepared  from  the  rewashed  clay. 

Means  of  measuring  the  increase  or  decrease  in  plasticity  of  the 
washed  ball  clay  were  not  at  hand,  although  so  far  as  could  be 
observed  from  the  working  qualities  of  the  two  materials  there 
was  but  small  difference  in  plasticity. 
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5.  GENERAL  EFFECT  OF  DEFLOCCULATION  UPON  COLOR 

Obviously  in  most  cases  the  degree  to  which  the  color  and  gen- 
eral appearance  of  a  clay  is  improved  by  the  employment  of 
deflocculating  agents  is  a  factor  of  the  original  purity  of  the  clay 
and  the  excellence  of  the  washing  treatment  to  which  it  is  sub- 
mitted at  the  washing  plant.  Clays  occur,  however,  which,  al- 
though of  poor  color,  can  not  be  improved  by  the  employment  of 
deflocculating  agents  on  account  of  their  physical  constitution. 

Washing  tests  on  samples  of  English  kaolins  to  which  defloccu- 
lants  were  added  did  not  produce  noticeable  improvement  in 
color,  owing  to  the  original  purity  of  the  materials  or  the  excellence 
of  the  washing  treatment.  Of  the  three  varieties  of  American 
kaolins  subjected  to  the  deflocculating  treatment,  as  stated  before, 
the  Georgia  kaolin  showed  the  greatest  improvement  as  regards 
color.  The  improvement  in  the  North  Carolina  and  Florida  kao- 
lins was  not  so  noticeable,  although  the  gain  was  well  worth  the 
expense  of  the  treatment. 

6.  EFFECT  UPON  DRYING  AND  BURNING  SHRINKAGES 

The  drying  and  burning  shrinkages  of  the  kaolins  and  bodies 
are  affected  somewhat  by  the  use  of  deflocculating  agents.  The 
average  shrinkage  measurements  in  the  following  table  were  made 
upon  lo-cm  disks,  which  were  prepared  from  the  kaolins  and 
bodies  by  pressing  in  plaster  molds.  The  disks  were  dried  at  110° 
C  and  fired  in  saggers  to  cone  10. 

TABLE  1 

Shrinkages  (in  percentages  of  dry  length)  Cone  10 


Kaolins 


Florida  kaolin,  as  received 

Florida  kaolin,  washed 

North  Carolina  kaolin,  as  received 
North  Carolina  kaolin,  washed. . . 

Georgia  kaolin,  as  received 

Georgia  kaolin,  washed 


100  per  cent  clay 

Drying 

Burning 

shrink- 

shrink- 

age 

age 

7.55 

12.45 

7.30 

12.70 

4.75 

5.40 

3.70 

6.92 

4.60 

12.75 

3.90 

15.20 

50  per  cent  clay,  30 
per  cent  flint,  and 
20  per  cent  feld- 
spar 


Drying 
shrink- 
age 


Burning 
shrink- 
age 


7.90 
9.15 
7.40 
8.75 
9.45 
9.10 
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It  will  be  noted  that  the  addition  of  the  alkali  caused  a  decrease 
in  the  drying  shrinkages  of  the  test  pieces  containing  the  kaolins 
which  were  subjected  to  the  washing  treatment.  This  decrease 
is  most  noticeable  in  the  body  containing  the  washed  Georgia 
kaolin. 

Treating  the  kaolins  with  the  electrol3rte,  however,  increases 
the  burning  shrinkage  of  the  test  pieces,  with  the  exception  of 
the  body  containing  the  Georgia  kaolin.  This  increase  in  burning 
shrinkage  is  due  to  the  removal  of  the  fine-grained,  nonplastic 
materials  from  the  kaolins  and  the  presence  of  a  proportionately 
greater  amount  of  clay  substance, 

IV.  ELECTRICAL  SEPARATION  OF  CLAY 
1.  GENERAL  DESCRIPTION 

A  new  electrical  process  for  the  ptuification  of  clay,  invented 
by  Count  Schwerin,^  in  Germany,  is  causing  widespread  interest. 
The  treatment  consists  in  stirring  up  the  clay  with  water  and 
removing  the  coarse  material  by  means  of  screens  and  settling. 
A  previously  determined  amount  of  electrolyte  is  added  and  the 
suspension  conveyed  to  the  osmosis  apparatus,  which  is  in  the 
form  of  an  endless  metallic  belt  upon  which  the  purified  clay  is 
deposited.  The  clay  is  scraped  off  and  conveyed  to  the  dryers. 
It  is  claimed  that  the  product  contains  only  25  per  cent  of  water 
and  is  free  from  pyrites,  sand,  or  other  impurities,  has  a  lower 
alkali  and  higher  alumina  content,  and  is  greatly  improved  in 
color,  plasticity,  bonding  power,  refractoriness,  and  uniformity. 

It  was  thought  desirable  to  examine  the  principle  under  which 
this  process  operates,  and  to  carry  on  a  few  experiments  intended  to 
bring  out  more  clearly  some  of  the  factors  involved. 

2.  THEORY  OF  PROCESS 

Small  particles  in  suspension  between  two  electrodes  will  move 
under  the  influence  of  a  direct  current  either  to  the  cathode  or 
the  anode.  This  phenomenon  is  called  kataphoresis.  Suspended 
particles  of  shellac,  clay,  quartz,  cotton,  silk,  starch,  graphite, 
sulphur,  etc.,  travel  to  the  positive  electrode.     The  suspended 

2  Tonindustrie  Zeitung,  36,  pp.  1283-1285;  Trans.  English  Cer.  Soc,  12,  Part  I,  pp.  36-65- 
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particles  are  always  electrically  charged  and,  according  to  the  + 
or  —  character  and  the  magnitude  of  the  charge,  they  migrate  to 
the  negative  or  the  positive  pole.  In  pure  water  most  substances 
are  charged  negatively.  Water  itself  is  positive  in  electroendos- 
mosis  and  moves  toward  the  negative  pole.  No  electro-osmotic 
effects  are  noted  in  liquids  like  chloroform,  ether,  petroleum,  oil 
of  turpentine,  etc.  The  addition  of  very  small  quantities  of 
electrolytes  to  solutions  used  in  kataphoresis  may  promote  endos- 
mosis  or  oppose  it.  Larger  additions  of  any  electrolyte  cause  the 
action  to  cease  entirely.  According  to  Freundlich  ^  ''it  is  to  be 
expected  that  the  addition  of  OH'  ions  to  a  negatively  charged 
particle  would  raise  the  kataphoretic  migration  velocity  to  the 
positive  pole,  while  acids  and  cations  of  higher  valency  would 
decrease  it  with  increasing  concentration,  reduce  its  value  to  zero, 
and  finally  change  its  sign  With  small  particles,  positively  charged, 
the  OH'  ion  and  the  anions  of  higher  valency  are  active  in  the 
same  direction."  Clay  containing  a  considerable  content  of  sol- 
uble salts  should  therefore  be  expected  to  respond  poorly.  Whit- 
ney and  Blake  ^  found  that  upon  adding  0.004  normal  nitric  acid 
solution  to  colloidal  silver  the  particles  originally  migrating  to 
the  positive  pole  reversed  their  direction.  A  similar  reversion  was 
shown  upon  the  addition  of  aluminum  sulphate. 

It  is  evident  that  the  effect  of  the  additions  of  electrolytes  is 
intimately  connected  with  the  flocculating  action  of  the  salts. 

The  velocity  of  migration  of  fine  particles  seems  to  be  inde- 
pendent of  their  size  and  shape  within  certain  limits.  It  is  inter- 
esting to  note  that  this  velocity  does  not  differ  considerably  from 
the  value  given  for  the  more  inert  ions  like  sodium.  While  for 
the  latter  the  velocity  constant  is  43  X  io~^  cm  per  second,  for  a 
drop  in  potential  of  i  volt  per  centimeter,  the  velocity  of  quartz 
particles,  averaging  0.00 1  mm  in  diameter,  is  30  X  lo"^  cm  under 
the  same  conditions.  There  appears  to  be  no  direct  relatio;i  be- 
tween the  amount  of  clay  separated  and  the  current  used,  and  the 
separation  is  hence  not  governed  by  Faraday's  law. 

'  Kapillarchemie,  p.  239.  *  Jour.  Am.  Chetn.  Soc,  26,  p.  1339. 
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3.  STAGES  OF  ELECTRICAL  SEPARATION 

The  process  of  electrical  purification  may  be  said  to  consist  of 
three  operations — the  blunging  and  screening  of  the  clay,  the 
treatment  with  electrolyte,  and  the  separation  upon  the  positive 
electrode.  It  is  evident  that  the  washing  process  in  itself  accom- 
plishes a  great  deal  in  removing  impurities  such  as  sand,  feldspar, 
pyrites,  etc.  To  afford  strict  comparison  between  the  washing 
process  and  electrical  purification  it  is  not  fair  to  compare  the 
crude  with  the  electrically  treated  material.  The  difference  be- 
tween the  washed  clay  and  that  treated  by  the  new  process  must 
be  used  to  establish  the  merits  of  the  case. 

The  additional  separation  brought  about  by  the  use  of  an  elec- 
trolyte is  really  the  most  important  factor  in  the  scheme.  By 
the  proper  treatment  with  small  amounts  of  chemicals  the  vis- 
cosity of  the  slip  may  be  decreased  so  that  considerable  quartz 
and  feldspar,  ordinarily  held  in  suspension,  may  be  thrown  down. 
The  suspended  material  thus  remaining  is  of  course  of  greater 
purity,  and  the  deposit  attached  to  the  electrode  should  therefore 
be  clay  of  better  grade  than  that  which  is  obtained  by  the  ordinary 
washing,  as  has  been  shown  in  previous  paragraphs. 

It  is  obvious  that  the  same  treatment  can  be  applied  where  the 
slip  is  to  go  through  a  filter  press,  there  being  needed  only  adequate 
tank  facilities  for  the  separation  of  the  suspended  matter.  The 
electrical  treatment  itself  has  very  little  to  do  with  the  purifica- 
tion, since  the  coarser  impurities  have  already  been  removed  by 
the  previous  precipitation  treatment.  The  manner  of  deposition 
upon  the  electrode  is  of  a  mechanical  character  and  takes  the  place 
of  filter-pressing,  having  of  course  the  advantage  of  being  con- 
tinuous and  automatic.  Other  methods  of  separating  the  clay 
from  the  water  might  be  employed,  such  as  the  Sweetland  system 
of  filter-pressing,  the  economy  of  which  should  approach  ideal 
conditions. 

4.  RESULTS  OF  ELECTRICAL  SEPARATION  EXPERIMENTS 

In  the  present  work  it  was  thought  advisable  to  collect  further 
information  (i)  in  regard  to  the  reagents  most  suitable  for  the 
treatment  preliminary  to  the  actual  separation  and  the  determi- 
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Fig.  2. — View  of  electrical  separating  apparatus 
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nation  of  the  proper  amount  to  be  used;  (2)  in  regard  to  the  be- 
havior of  different  materials  such  as  quartz,  feldspar,  ferric  oxide, 
and  several  types  of  clay  when  subjected  to  the  electrical  treatment. 

It  was  found,  in  agreement  with  Ashley's  work,-^  that  sodium 
hydroxide  and  sodium  oxalate  are  the  most  effective  reagents,  the 
former  to  be  used  in  the  majority  of  cases,  while  the  second  sub- 
stance is  particularly  suitable  in  the  case  of  certain  fire  clays. 
For  the  purpose  of  determining  the  proper  amount  of  the  reagent, 
viscosity  determinations  by  means  of  the  efflux  tube  were  found 
most  convenient.  The  method  of  procedure  was  to  add  small 
quantities  of  NaOH  to  the  slip,  making  viscosity  readings  until 
the  minimum  point  of  the  curve  was  reached.  This  consistency 
proved  to  be  the  most  suitable  for  the  electrical  separation.  In 
cases  where  the  sodium  hydroxide  was  found  to  be  less  effective 
resort  was  had  to  the  use  of  sodium  oxalate,  Na2C204.  In  this 
simple  manner  the  proper  conditions  are  readily  obtained.  Indis- 
criminate additions  of  chemicals  will  lead  to  misleading  results 
and  unsatisfactory  separation.  The  amount  of  the  reagent  neces- 
sary is  small  and  never  exceeds  0.2  per  cent  in  terms  of  the  dry 
weight  of  the  clay.  An  excess  of  the  reagent  must  be  avoided  in 
all  cases. 

The  work  dealing  with  the  electrical  separation  of  suspended 
materials  was  mostly  done  by  means  of  a  very  simple  apparatus. 
A  220-volt  direct  current  w^as  available,  controlled  by  two  water 
rheostats.  The  separating  receptacle  was  a  copper  can  6  inches 
in  diameter  and  5  inches  high.  This  was  filled  with  the  slip,  and 
a  flat  carbon  electrode  was  just  immersed.  Electrical  connections 
were  made  with  the  can  and  electrode.  The  latter  was  a  carbon 
plate  of  which  there  was  a  stock  on  hand.  In  the  commercial 
apparatus  it  is  said  that  the  positive  electrode  consists  of  type 
metal,  though  aluminum  or  other  metals  may  be  used.  By  means 
of  a  volt  and  ammeter  the  current  was  under  observ^ation. 

For  handling  larger  quantities  of  material  an  automatic  appa- 
ratus was  built  (Fig.  2)  consisting  of  a  copper  tank  5^  by  6^  by 
7%  inches,  in  which  a  revolving  drum  5  inches  in  diameter  and  4^ 
inches  wide,  insulated  from  the  tank,  was  used  as  the  positive 

^  Bureau  of  Standards,  Technologic  Paper  No.  23. 
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electrode.  The  negative  electrode  consisted  of  two  insulated 
metallic  strips  beneath  the  roll.  The  clay  adhering  to  the  surface 
of  the  drum  was  scraped  off  at  the  opposite  side.  A  slow-moving 
stirrer  was  also  provided  at  the  bottom  of  the  tank  to  prevent 
imdue  separation.  A  flush  hole  w^as  arranged  for  washing  out 
the  residue  after  each  run. 

In  the  following  paragraphs  the  results  obtained  in  the  electrical 
separation  of  several  materials  are  described. 

Flint. — Finely  ground  flint  was  found  to  separate  well,  form- 
ing a  dense  layer  at  the  positive  electrode  with  voltages  varying 
between  125  to  180  and  a  current  strength  of  0.75  ampere.  With 
this  material  the  deposition  upon  the  electrode  was  most  satis- 
factory without  the  addition  of  any  electrolyte. 

Feldspar. — With  a  sample  of  Brandywine  feldspar,  which  was 
rather  coarsely  ground,  practically  no  separation  took  place  with 
or  without  electrolyte.  Using  Maine  feldspar  deposition  occurred, 
but  not  as  marked  as  with  the  flint.  The  voltage  used  was  160, 
with  0.75  ampere.  The  addition  of  electrolytes  produced  no 
increase  in  yield. 

Ferric  Oxide. — Finely  divided  ferric  oxide  in  suspension  formed 
no  deposit  with  or  without  electrolyte.  An  addition  of  6  per  cent 
of  this  oxide  was  then  made  to  North  Carolina  kaolin,  and  the 
treatment  carried  out  upon  this  mixture.  Upon  determining 
the  ferric  oxide  in  the  original  mixture  and  in  the  portion  sepa- 
rated on  the  electrode,  it  was  found  that  no  reduction  whatever 
in  the  iron  content  was  accomplished.  All  of  the  ferric  oxide 
admixed  with  the  kaolin  was  carried  along  with  the  clay  particles. 

Kaolin. — In  order  to  determine  whether  fiuther  purification 
could  be  brought  about  with  washed  clays,  runs  were  made  with 
the  North  Carolina  and  Florida  kaolin.  In  both  cases  heavy 
iimi  deposits  were  obtained  with  a  content  of  0.2  per  cent  caustic 
soda  with  voltages  varying  from  80  to  1 60.  Practically  all  matter 
in  suspension  was  carried  to  the  electrode.  The  densest  layer  is 
obtained  with  the  highest  voltage. 

Impure  Fire  Clay. — A  fire  clay  of  the  No.  3  type,  from  Aultman, 
Ohio,  was  ground  to  pass  the  40-mesh  sieve  and  made  into  a  slip 
showing  minimum  viscosity  with  o.i  per  cent  caustic  soda.  The 
separation  took  place  very  satisfactorily.     Upon  making  briquettes 
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from  the  original  clay,  the  separated  portion,  and  the  residue,  the 
linear  drying  shrinkages  were  found  to  be  8.4,  7.5,  and  6.25  per 
cent,  respectively.  Upon  burning  the  specimens  to  cone  9  in  a 
sagger  the  separated  portion  was  decidedly  superior  in  appear- 
ance, showing  a  uniform  light-gray  color,  while  both  the  original 
clay  and  the  residual  part  were  darker  and  showed  numerous 
black  spots.  ' 

In  connection  with  these  experiments  the  reverse  effect,  that 
of  the  negative  electrode  upon  plastic  clay,  was  briefly  verified. 
Upon  making  a  steel  trowel  the  negative  pole,  it  was  found  that 
water  was  drawn  from  a  mass  of  plastic  clay  into  which  the  tool 
was  inserted  and  thus  caused  the  latter  to  penetrate  very  readily. 
This  confirms  the  results  reported  in  a  paper  before  the  National 
Brick  Manufacturers'  convention  of  191 2  at  Chicago. 

5.  GENERALIZATION,  BASED  ON  RESULTS  OBTAINED 

With  the  general  run  of  clays  the  suspended  clay  will  be  depos- 
ited by  the  electrical  current  just  as  it  is,  and  if  it  has  not  been 
subjected  to  the  sedimentation  process  mentioned  the  quality  of 
the  product  will  not  be  superior  to  that  of  ordinary  washed  clay. 
The  desired  results  can  be  obtained  by  the  chemical  washing 
process  first  described  with  the  use  of  the  filter  press  without 
resorting  to  the  use  of  electricity.  However,  if  the  electrical  con- 
tinuous separation  can  replace  the  filter  press  economically  its 
use  would  be  justified.  At  the  present  time  no  exact  figures  are 
available  for  piu-poses  of  comparison.  To  a  large  extent  it  w^ould 
be  a  matter  of  the  comparative  economy  of  the  electrical  endos- 
mose  apparatus  and  the  filter  press.  If  the  latter  should  be  im- 
proved, as  has  been  done  in  the  so-called  clamshell  press,  it  is 
quite  possible  that  the  economic  advantage  might  remain  with  the 
filter  press. 

V.  FUNCTION  OF  THE  ALKALIES  IN  THE  CASTING  PROCESS 

1.  VISCOSITY  OF  SLIPS 

The  principal  effect  of  the  alkaline  additions  to  a  casting  slip  is 
to  decrease  the  amount  of  water  required  to  hold  unit  weight  of 
clay  in  the  suspended  state  with  sufficient  fluidity  to  permit  of 
pouring. 
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The  practical  aim  in  casting  evidently  must  be  to  increase  the 
weight  of  clay  body  carried  by  unit  volume  of  the  water  to  the 
maximum.  From  29.5  to  30.5  ounces  per  pint  is  the  usual 
weight  to  Avhicli  casting  slips  are  carried  in  the  case  of  white 
vitreous  bodies.  It  is  evident  that  the  content  of  clay  and  non- 
plastic  additions  bring  about  variations  in  this  respect.  At  the 
same  time  the  composition  of  the  body  should  be  of  such  a  nature 
that  proper  drainage  of  the  water  from  the  stiffening  mass  to  the 
mold  may  occur.  The  effect  of  the  alkaline  reagents  added  to  a 
slip  is  followed  most  readily  and  quantitatively  by  the  determina- 
tion of  the  viscosity.  For  this  purpose  various  types  of  flow  or 
torsion  viscosimeters  may  be  employed.  Owing  to  the  coarse 
nature  of  the  suspensions  the  accurate  flowtubes  of  Ostwald  are 
out  of  the  question,  and  exceedingly  simple  devices  like  the  brass 
efflux  tubes  illustrated  in  Fig.  3  may  be  used.  Here  the  time 
required  for  a  given  volume  of  slip,  say  200  cc,  to  flow  through 
an  orifice  5/32  inch  in  diameter  is  determined.  The  effect  of  the 
varying  head  due  to  the  lowering  of  the  level  of  the  liquid  is  largely 
overcome  by  the  employment  of  Mariotte's  principle  of  the  im- 
mersed tube.  It  is  necessary  for  the  proper  working  of  the  device 
that  all  joints  be  made  air-tight.  By  determining  the  time  re- 
quired for  the  flow  of  water  at  18°  C,  and  dividing  the  observed 
time  for  the  same  volume  of  slip  by  this  constant  quantity,  the 
viscosity  of  the  suspension  in  terms  of  water  is  readily  computed. 
For  the  technical  determinations  in  question,  corrections  such  as 
are  necessary  in  the  use  of  the  Ostwald  viscosimeter  are  not 
required.  It  w^as  likewise  found  that  corrections  for  temperature 
are  negligible. 

Of  the  torsion  viscosimeters  the  Coulomb  and  Couette  instru- 
ments are  available,  while  for  accurate  results  expressed  in  absolute 
units  the  Clark  viscosimeter  renders  good  service.  The  Couette 
apparatus  represents  probably  the  most  satisfactory  one  for  deter- 
mining relative  viscosity.  It  consists  of  a  vessel  rotating  at  con- 
stant speed,  which  contains  the  liquid.  A  metal  cylinder  sus- 
pended by  means  of  a  wire  is  immersed  in  the  suspension.  The 
torsion  exerted  upon  the  wire  may  be  measured  by  means  of  a 
mirror  attached  to  the  projection  of  the  cylinder  to  which  the  wire 
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is  attached  and  the  angular  deflection  noted  upon  a  graduated 
scale  at  a  suitable  distance  from  the  instrument.  Various  inves- 
tigators, like  Hatschek  and  others,  have  found  this  apparatus  very 
suitable  in  their  investigation  of  colloids.  The  flow  viscosimeter 
as  used  in  this  work,  is  sufliciently  accurate  for  purposes  of  com- 
parison and  has  the  advantage  of  being  simple  and  cheap. 

In  the  study  of  dispersed  systems  of  any  kind  the  viscosimeter 
may  be  considered  as  important  as  the  voltmeter  and  ammeter  in 
the  measurement  of  electrical  quantities. 

In  general,  the  viscosity  of  a  disperse  system  may  be  said  to 
correspond  to  the  relation  suggested  by  Einstein,  Hatschek,  and 
others. 


«,  =  «,(i+A'5) 


where  ni  =  viscosity  of  the  system, 

^2  =  viscosity  of  continuous  phase  (water  in  case  of  clay  slip) , 
-z^i  =  volume  occupied  by  colloidal  particles, 
V  =  total  volume, 
K  =  constant. 

In  many  colloidal  systems  the  value  of  the  constant  has  been 
found  by  Hatschek  to  approximate  4.5  for  small  concentrations. 
Owing  to  the  large  amount  of  comparatively  coarse  material  in 
clay  and  body  suspensions,  the  Hatschek  constant  of  the  above 
equation  can  not  be  expected  to  hold  for  systems  of  this  kind,  but 
is  certain  to  vary  with  the  diflterent  materials.  In  the  case  of 
Florida  kaolin  it  was  found  to  be  5.05  for  small  concentrations. 
Using  this  relation,  it  is  assumed,  of  course,  that  the  conditions  of 
the  system  are  practically  in  equilibrium,  as  time,  temperature, 
absorption,  and  other  factors  are  likely  to  bring  about  changes  in 
the  viscosity  without  change  in  the  volume  relations  of  dispersing 
medium  and  dispersed  matter. 

The  medium  which  holds  up  the  nonplastic  matter  in  casting 
slips  must  be  considered  to  consist  of  a  pseudoemulsion,  resulting 
from  the  further  breaking  down  of  the  finer  clay  particles.  It  is 
essential  that  the  viscosity  of  the  slip  be  maintained  sufficiently 
high  by  the  use  of  enough  clay  to  prevent  separation,  which  is 
likely  to  occur,  in  agreement  with  Stoke 's  law. 
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It  is  easy  to  see  that  the  use  of  comparatively  coarse  clays, 
resulting  in  an  insufficient  amount  of  the  emulsoid  substance, 
while  draining  readily,  might  give  rise  to  difficulties  due  to  sepa- 
ration. The  viscosit}^  of  a  clay  suspension  supposedly  in  equilib- 
rium, and  with  it  all  accompanying  properties,  are  not  maintained 
constant.  Variations  occur  with  a  number  of  factors,  as  temper- 
ature, time,  and  change  in  the  concentration  of  the  dissolved 
salts  due  to  absorption,  solution,  or  reaction.  Clays,  of  course, 
differ  widely  also  in  their  response  to  the  action  of  the  alkalies. 
The  physical  structure  (fineness)  of  clays  and  their  chemical  com- 
position with  special  reference  to  the  content  of  soluble  salts,  cause 
them  to  behave  differently.  The  previous  mechanical  treatment 
of  the  clay,  as  by  washing  or  drying,  is  also  of  considerable  influence. 

2.  OUTLINE  OF  WORK 

The  present  work  deals  v/ith  the  following  topics: 

1 .  The  effect  of  increasing  amounts  of  NasCOg  and  NaaSiOg  upon 
the  viscosity  of  four  body  slips  in  which  the  feldspar  and  flint  are 
kept  constant  at  21  and  34  per  cent,  respectively,  and  45  percent 
clay  is  introduced  in  succession  by  North  Carolina  kaolin,  Georgia 
kaolin,  Florida  kaolin,  and  Tennessee  No.  3  ball  clay.  The  sodium 
silicate  used  contained  in  the  dried  state  70.3  per  cent  SiOa  and 
29.7  per  cent  NaaO,  corresponding  to  the  formula  Na20.2.44Si02, 
which  is  to  be  understood  when  mention  is  made  of  sodium  silicate 
throughout  this  paper. 

2.  The  effect  of  various  proportions  of  North  Carolina  kaolin 
body  upon  each  of  the  three  other  bodies,  with  reference  to  the 
viscosity  of  the  resulting  mixtures. 

3.  The  absorption  of  NasCOg  and  NaOH  by  Florida  and  Georgia 
kaolins. 

4.  Tensile  strength  of  bodies  cast  under  different  conditions  of 
consistency  and  viscosity. 

5.  Calculation  of  constant  in  general  viscosity  formula  for  dif- 
ferent concentrations  of  Florida  clay  slips. 

6.  Effect  of  time  on  change  of  viscosity  of  casting  slips. 
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VI.  EFFECT  OF  VARIOUS  AMOUNTS  OF  SODIUM  CARBON- 
ATE AND  SOmUM  SILICATE 

1.  NORTH  CAROLINA  KAOLIN  BODY 

This  mixture  was  made  up  to  a  slip  containing  59.73  per  cent  of 
solids.     The  viscosity  was  determined  by  means  of  the  efflux  tube 
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Fig.  4. — Effect  of  sodium  carbonate  on  North  Carolina  kaolin  body 

already  described.     Two  series  of  tests  were  run,  one  with  in- 
creasing amounts  of  sodium  carbonate  and  one  with  sodium  silicate. 
The  NaaCOg  tests  are  shown  in  the  diagram  of  Fig.  4.     From 
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Fig.  5. — Effect  of  sodium  silicate  on  North  Carolina  kaolin  body 

this  curve  it  is  seen  that  there  is  no  very  large  drop  in  viscosity 
and  that  the  minimum  is  reached  with  0.045  P^^  cent  of  the 
reagent.  No  tendency  toward  a  maximum  point  is  noted.  This 
illustrates  very  nicely  the  deficiency  in  the  amount  of  pseudo- 
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emulsoid  resulting  from  the  use  of  this  clay,  owing  to  its  compara- 
tively coarse  nature.  Either  the  amount  of  highly  dispersed 
material  is  quite  small  or  all  the  grains  are  too  coarse  to  be  affected 
decidedly  by  the  reagent  employed. 

Sodium  Silicate  Series. — In  this  case  (Fig.  5)  similar  conditions 
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Fig.  6. — Effect  of  sodium  carbonate  on  Georgia 
kaolin  body 

prevail  and  the  minimum  point  is  likewise  reached  with  0.045  per 
cent.  The  drop  in  viscosity  is  from  2.35  to  1.30.  It  appears, 
therefore,  that  owing  to  the  comparatively  coarse  dispersion  of 
this  kaolin  the  system  is  not  greatly  influenced  by  the  alkali 
reagents. 
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2.  GEORGIA  KAOLIN  BODY 

Sodium  Carbonate  Series. — The  slip  used  for  both  series  contained 
61.38  per  cent  solids.     From      g  q 

I 


Fig 


6  it  appears  that  the 
initial  viscosity  is  very  much 
greater  than  in  the  case 
of  the  North  Carolina  kaolin 
body.  The  value  was 
above  7,  but  could  not  be 
determined  accurately  ow- 
ing to  the  thickness  of  the 
slip.  A  content  of  0.03 
per  cent  NaaCOg  at  once 
lowered  the  viscosity  to 
4.75,  reaching  a  sharply 
defined  minimum.  With 
more  than  0.045  per  cent 
of  the  reagents  the  vis- 
cosity at  once  increases. 
This  kaolin  therefore  is  very- 
sensitive  to  changes  in  the 
alkali  concentration,  and 
hence  requires  greater  care 
in  regard  to  this  point. 

Sodium  Silicate  Series. — 
In  this  case  (Fig.  7)  the  mini- 
mum viscosity,  2.3,  repre- 
sents a  considerably  greater 
drop  in  viscosity  than  is 
the  case  with  the  carbonate. 
This  reagent  is  therefore 
very  much  more  effective. 
Although  the  tendency  of 
the  curve  toward  an  increase 
in  viscosity  is  clearly  shown, 
the  change  is  very  much 
less  abrupt  than  in  the  first 


7.5 


6.0 


5.0 


4.5 


4.0 


3.5 


.03  .06 

PER  CENT  Nag  Si  Oj 


.09 


Fig.  7.- 


Effect  of  sodium  silicate  on  Georgia 
kaolin  body 

case  and  the  range  of  minimum  viscosity  considerably  wider. 
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Sodium  Carbonate  Series. — The  slip  as  used  contained  47.68  per 
cent  solids.  From  Fig.  8  it  is  seen  that  the.  drop  in  viscosity  is 
1.9  with  0.03  per  cent  reagent,  and  that  no  well-defined  minimum 
is  indicated. 

Sodium  Silicate  Series. — Practically  the  same  results  are  ob- 
tained with  this  reagent  as  with  NasCOo  (Fig.  9).     It  is  evident 
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Fig.  8. — Effect  of  sodium  carbonate  on 
Tennessee  ball  clay  body 
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Fig.  9. — Effect  of  sodium  silicate  on 
Tennessee  ball  clay  body 


that  the  alkalies  are  being  neutralized  by  the  salts  of  the  ball  clay, 
but  not  yet  sufficiently  to  cause  flocculation. 

4.  FLORIDA  KAOLIN  BODY 

This  material  in  the  form  of  a  slip  containing  50  per  cent  solids 
was  found  to  offer  considerable  difficulty  in  regard  to  obtaining 
constant  viscosity  readings.  Upon  making  check  readings  the 
viscosity  values  were  found  to  drop  off  continually.  With  in- 
creasing alkali  concentrations  this  change  seemed  to  become 
somewhat  less  prominent.  This  point  may  be  illustrated  by  giv- 
ing the  figures  for  several  sets  of  determinations,  Table  2. 
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TABLE  2 
Viscosity  with  Increasing  Amounts  of  NaaCOs 
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0.03 
per  cent 

0.06 
per  cent 

0.09 
per  cent 

0.12 
per  cent 

0.15 
per  cent 

2.95 

2.62 

2.30 

1.76 

1.72 

2.90 

2.61 

2.18 

1.77 

1.72 

2.74 

2.34 

2.16 

1.68 

1.77 

2.54 

2.25 

2.07 

1.68 

1.79 

2.38 

2.25 

1.99 

1.65 

1.72 

2.40 

2.24 

1.91 

1.62 

1.68 

2.40 

2.24 

1.82 

1.59 

1.59 

2.40 

1.78 
1.79 
1.79 

1.63 
1.61 
1.61 

1.60 
1.61 
1.62 

Similar  variations,  though  not  so  marked,   were  encountered 
with  Georgia  kaolin,   but  not  with  North  Carolina  kaolin  and 
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Fig.  10. — Effect  of  sodium  carbonate  on  Florida  kaolin  body 
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Tennessee  ball  clay.  Although  the  slips  in  each  case  were  shaken, 
allowed  to  stand  for  as  long  as  72  hours  after  the  alkali  was  added, 
and  again  shaken  before  the  viscosity  determination  was  made, 
the  additional  disturbance  caused  by  pouring  the  slip  evidently 
caused  a  further  liquefying  effect.  Hence  the  preliminary  drying 
to  110°  C  did  not  seem  to  prevent  these  changes. 

Sodium  Carbonate  Series   {Fig.   10). — It  is  observed  from  this 
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Fig.  II. — Effect  of  sodium  silicate  on  Florida  kaolin  body 

diagram  that  the  viscosity  drop  is  very  decided.  Starting  with 
an  initial  viscosity  so  high  that  it  could  not  be  determined,  the 
addition  of  0.03  per  cent  of  the  reagent  brought  down  the  vis- 
cosity to  2.45.  Further  increments  tend  to  low^er  the  viscosity 
at  a  very  much  decreased  rate,  but  a  well-defined  minimum  is  not 
reached. 

Sodium  Silicate  Series  {Fig.  11). — In  this  case  again  the  vis- 
cosity drop  is  very  great  with  0.03  and  0.06  per  cent  of  the  alkali. 
Further  additions  appeared  to  bring  about  no  more  changes  with 
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additions  as  high  as  0.15  per  cent.     The  sodium  silicate  proved 
to  be  more  effective  in  its  action  than  the  carbonate. 

In  the  course  of  this  v^ork  it  v^as  observed  that  upon  subjecting 
any  of  the  slips  to  a  vacuum  large  volumes  of  air  were  expelled 
even  in  completely  deflocculated  suspensions.  It  v^as  thought 
desirable,  therefore,  to  subject  some  of  the  slips  to  the  vacuum 
treatment  and  to  compare  the  viscosity  with  the  previous  value. 
These  results  are  compiled  in  Table  3. 

TABLE  3 


Kind  of  body 

Percentage 

addition  of 

NaoSiOs 

Viscosity 
before  the 

vacuum 
treatment 

Viscosity 

after  the 

vacuum 

treatment 

Georgia  kaolin 

0.03 
.06 
.03 
.05 
.03 
.06 
.12 
.03 
.06 

2.60 
2.32 
1.14 
1.08 
1.43 
1.34 
1.33 
1.91 
1.08 

2.94 

Do 

2.72 

Tennessee  ball  clay 

1.22 

Do 

1.08 

North  Carolina  kaolin 

1.50 

Do 

1.39 

Do 

1.40 

Florida  kaolin 

3.00 

Do 

1.08 

It  would  appear,  thus,  that  a  considerable  amount  of  air  is  en- 
trapped within  the  fine-grained  clays,  especially  in  the  case  of  the 
more  plastic  ones.  It  seems  also  that  this  air  appears  to  be  held 
in  a  state  of  absorption,  since  no  contraction  in  the  volume  of  the 
slip  was  noted.  The  effect  was  more  prominent  with  the  lower 
alkali  concentrations  and  with  the  Georgia  and  Florida  kaolins. 

In  addition  to  these  body  mixtures  another  body,  B,  was  pre- 
pared containing  three  of  these  clays  in  the  following  proportions: 

Per  cent. 

Feldspar 21 

Flint 34 

North  Carolina  kaolin 20 

Florida  kaolin 20 

Tennessee  ball  clay 5 

The  initial  slip  in  this  case  contained  55  per  cent  of  solids. 
Only  one  series  was  run  using  sodium  carbonate.  The  results  are 
presented  graphically  in  Fig.  12.  The  drop  to  minimum  vis- 
cosity— from  3.5  to  1.25 — with  0.06  per  cent  is  quite  marked,  and 
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the  rise  toward  another  maximum  is  clearly  indicated.  The 
coagulating  tendency  is  very  gradual,  and  hence  the  defiocculation 
range  is  of  generous  extent. 

A  commercial  casting  body  obtained  through  the  courtesy  of  a 
Trenton  firm  was  likewise  studied.  The  composition  of  the  body 
was  not  given.  In  this  case  a  mixture  of  sodium  carbonate  and 
sodium  silicate  in  equal  parts  was  used.  The  results  of  this  test 
are  show^n  graphically  in  Fig.  13.  It  appears  that  this  body, 
owing  to  its  high  ball  clay  content,  requires  for  maximum  defioc- 
culation a  content  of  0.2  percent  of  the  reagent  mixture.     The 
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Fig.  12. — Effect  of  sodium  carbonate  upon 
body  B 

viscosity  of  the  slip  which  contained  66.69  P^^  <^^^'t  solids,  without 
any  addition  of  alkali,  could  not  be  determined.  The  viscosity 
drop,  corresponding  to  an  alkali  addition  from  o.i  to  0.2  per  cent, 
is  quite  marked — from  4.17  to  1.5-  After  maximum  defioccula- 
tion is  attained  the  condition  of  the  slip  appears  to  be  quite  con- 
stant and  there  is  no  evidence  of  any  coagulating  tendency. 
About  o.  1 5  per  cent  of  the  reagents  would  appear  to  be  the  proper 
concentration  for  casting  purposes,  considering  no  other  factors, 
such  as  after-stiffening. 
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VII.  VISCOSITY  OF  CLAY   MIXTURES  WITHOUT  ADDITION 

OF  ALKALI 

Our  attention  has  been  called  to  the  fact  that  there  is  a  certain 
interaction  of  mixtures  of  different  clays  as  brought  out  by  vis- 
cosity measurements.  T.  G.  McDougal  has  informed  us  of  inter- 
esting results  obtained  in  this  connection.  In  order  to  test  out 
this  point  and  to  determine  whether  the  addition  of  one  clay  slip 
to  another  caused  regularly  progressive  or  discontinuous  changes 
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Fig.  13. — Effect  of  sodium  carbonate  and  sodium  silicate  mix- 
ture on  Trenton  casting  body 

in  viscosity,  four  porcelain  body  slips  were  prepared  of  North 
Carolina  kaolin,  Georgia  kaolin,  Tennessee  ball  clay,  and  Florida 
kaolin.  The  body  composition  was  the  same  as  that  previously 
employed.  The  contents  of  solids  in  the  above  order  w^ere  53.8, 
53.64,  53.67,  and  42.27  per  cent.  The  viscosities  of  these  bodies 
were  found  to  be  1.2 1,  1.08,  1.80,  and  2.94.  The  mixtures  were 
then  made  so  that  the  North  Carolina  kaolin  body  slip  was  blended 
with  each  of  the  other  three  bodies  in  the  proportion  of  1:1,2:1, 
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3:1,  and  4: 1,  on  the  basis  of  dry  weights.     The  contents  of  solids 
for  the  various  blends  were  as  follows : 

TABLE  4 


Mixture  of  bodies 

Ratio  of 
North  Caro- 
lina kaolin 

to  other 
body 

Percentages 

of  solids 

in  slip 

North  Carolina-Georgia  kaolins 

1:1 
2:1 
3:1 
4:  1 
1:1 
2:1 
3:1 
4:1 
1:1 
2:1 
3:1 
4:1 

53.52 

Do               

53.55 

Do           

53.78 

Do      

53.26 

North  Carolina -Tennessee  ball   

54.02 

Do     

53.60 

Do                

53.56 

Do           

53.26 

North  Carolina-Florida  kaolin 

51.36 

Do            

53.69 

Do 

53.82 

Do                   

53.88 

The  bodies  before  having  been  made  up  into  slips  were  dried  at 
110°  C. 

The  results  of  the  viscosity  determinations  of  these  series  are 
shown  graphically  in  Fig.  14.  It  will  be  observed  that  the  North 
Carolina-Georgia  kaolin  series  shows  a  practically  linear  relation, 
indicating  no  interfering  phenomena  in  the  mixture  of  the  two 
systems.  The  case  is  different  with  the  North  Carolina  kaolin- 
Tennessee  ball  clay  series.  Here,  as  long  as  the  kaolin  predomi- 
nates, down  to  the  ratio  of  2:1,  no  marked  change  occurs.  With 
an  excess  of  ball  clay  in  the  ratio  i  :i  sudden  coagulation  occurs, 
and  the  viscosity  rises  rapidly  to  a  value  considerably  above  that 
reached  by  either  body  slip  alone.  In  the  North  Carolina-Florida 
kaolin  series  the  viscosity  rises  with  the  increase  in  the  more 
plastic  constituents,  but  shows  a  decided  drop  when  the  ratio  i  :i 
is  reached.  The  reason  for  this  decrease  is  not  evident.  These 
results  are  sufficient  to  show  that  interaction  between  different 
clays  occurs  in  slips,  and  these  may  have  decided  influence  upon 
the  behavior  in  the  casting. 
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In  order  to  determine  the  degree  to  which  clays  absorb  alkaline 
salts,  mixtures  of  Florida  kaolin,  Georgia  kaolin,  and  Georgia 
kaolin  with  50  per  cent  flint  were  treated  with  solutions  of  NaOH 
and  NaaCOg  of  different  concentrations.  The  procedure  consisted 
in  weighing  out  samples  of  the  materials,  adding  a  constant 
volume  of  the  solution,  and  rapidly  filtering  by  suction  in  a  vessel 
containing  air  previously  passed  through  KOH.     By  titrating  for 
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Fig.  14. — Viscosity  of  clay  mixtures 

the  alkali  content  per  cubic  centimeter  of  the  original  solution 
and  in  the  filtrate  the  amount  absorbed  was  readily  found.  The 
results  of  this  work  are  shown  in  Fig.  15.  In  this  diagram  the 
alkali  content  is  expressed  in  terms  of  percentage  of  the  dry  clay. 
The  maximum  absorption  of  NaaCOg  in  Florida  kaolin  is  0.16  per 
cent  of  alkali  added,  being  40  per  cent  of  0.4.  The  amount 
absorbed  from  the  more  dilute  solutions  increases  with  the  con- 
centration and  appears  to  remain  constant  at  the  above  value. 

The. same  clay  mixture  absorbed  a  far  greater  amount  of  NaOH, 
namely,  0.28  per  cent,  or  56  per  cent  of  0.5.     Since  the  absorp- 
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tion  with  both  0.4  and  0.5  per  cent  is  practically  the  same,  it 
appears  as  if  the  amount  absorbed  approached  constancy, 
though  it  is  but  reasonable  to  suppose  that  some  reaction  with 
the  silica  of  the  clay  should  occur,  especially  with  higher  con- 
centrations of  NaOH. 

With  the  Georgia  kaolin-flint  mixture  the  absorption  with  0.4 
and  0.5  per  cent  Na2C03  added  is  practically  the  same,  being  0.23 
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and  0.26  per  cent,  respectively.     These  values,  therefore,  appear 
to  be  practically  constant  for  this  clay. 

The  Georgia  kaolin-flint  mixture  appeared  to  absorb  about  95 
per  cent  of  the  NaOH  added  for  practically  all  concentrations. 
This  indicates  chemical  reaction  with  the  clay,  and  we  are  evi- 
dently not  dealing  here  with  a  case  of  simple  absorption. 

From  these  data  it  seems,  therefore,  that  absorption  of  the 
alkalies  plays  an  important  role  in  casting  slips.  The  greater 
absorption    of    NaOH    is    probably    responsible    for    the   greater 
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effectiveness  of  sodium  silicate  in  the  liquefaction  brought  about. 
Whether  or  not  the  content  of  the  NajCOa  absorbed  is  a  criterion 
of  the  degree  of  dispersion  of  clays  remains  to  be  demonstrated, 
but  the  indications  are  that  it  might  do  so. 

IX.  TENSILE  STRENGTH  TESTS  OF  BODY  MIXTURES 

In  order  to  throw  light  upon  the  effect  of  the  alkaline  reagents 
in  regard  to  the  structure  of  cast  bodies,  the  tensile  strength  of 
briquettes  dried  at  i  io°  C  and  formed  by  casting  in  suitable  plaster 
molds  was  determined.  The  same  single  clay  bodies  studied 
before  were  used  for  this  work  and  five  series  of  lo  briquettes 
were  made  from  each  body.  These  were  (a)  briquettes  cast  from 
the  slip  without  addition  of  reagent;  (6)  briquettes  cast  from  the 
slip  with  addition  of  NaaCOg  corresponding  to  the  point  of  maxi- 
mum deflocculation  (minimum  viscosity) ;  (c)  test  pieces  cast 
from  slip  with  a  concentration  of  NaaCOg  equivalent  to  a  point  to 
the  left  of  minimum  viscosity;  {d)  briquettes  from  slip  with  an 
addition  of  Na^SiOg  necessary  to  produce  maximum  defloccula- 
tion; {e)  specimens  from  slip  containing  an  amount  of  NaaSiOg 
corresponding  to  a  point  to  the  left  of  minimum  viscosity. 

The  same  tests  were  made  also  with  the  casting  body  B.  The 
results  are  compiled  in  Table  5. 

TABLE  5 


Body  containing  as  clay 


North  Carolina  kaolin. 

Georgia  kaolin 

Tennessee  ball  clay... 

Florida  kaolin 

Body  B 


Without 
reagents 
(lbs.  per 
sq.  in.) 


14.9 

68.0 

102.5 

65.7 


Na2C03. 
Maximum 
defloccula- 
tion (lbs. 
persq.  in.) 


17.8 
87.1 
153.8 
70.5 
67.33 


Na2C03. 
Less  than 
maximum 
defloccula- 
tion (lbs. 
per  sq.  in.) 


14.0 
78.6 
136.3 
62.4 
73.2 


NaaSiOs. 
Maximum 
defloccula- 
tion (lbs. 
per  sq.  in.) 


14.7 

100.7 

168.3 

56.5 

59.0 


NaiSiOrs. 
Less  than 
maximum 
defloccula- 
tion (lbs. 
per  sq.  in.) 


17.2 
89.7 
131.3 
62.5 
91.1 


From  these  results  it  appears  first  that  the  strength  of  cast 
bodies  containing  the  alkaline  reagents  is  greater  than  that  of  the 
bodies  cast  without  any  additions.  Second,  in  bodies  containing 
but  a  single  clay,  the  state  of  maximum  deflocculation  does  not. 
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as  might  be  expected,  result  in  weaker  structure  than  when  the 
bodies  are  carried  to  a  point  to  the  left  of  minimum  viscosity;  in 
fact,  the  opposite  is  the  case.  It  is  possible,  of  course,  that  owing 
to  the  small  volume  of  the  briquettes  the  calcium  sulphate  taken 
up  from  the  molds  might  have  exercised  some  influence. 

X.  THE  CONSTANT  OF  THE  GENERAL  VISCOSITY 

FORMULA 

Owing  to  the  fact  that  the  general  formula  makes  the  assump- 
tion that  the  viscosity  of  a  dispersed  system  composed  of  spherical 
particles  is  a  linear  function  of  the  volume  of  disperse  phase,  which 
we  know  from  previous  investigations  is  not  true  for  clays  in  high 
concentrations,  it  was  thought  desirable  to  determine  the  constant 
of  the  expression  for  several  concentrations  of  clay  slips.  For 
this  purpose  the  exceedingly  fine-grained  washed  Florida  kaolin 
was  used.  Three  concentrations  were  prepared  containing,  re- 
spectively, 10.58,  18.96,  and  21.23  per  cent  of  solids.  The  vis- 
cosities as  measured  by  the  efflux  tube  were  1.043,  1.55,  and  2.83. 
Calculating  the  volume  of  the  dispersed  matter  by  dividing  by 
the  specific  gravity  of  the  clay,  2.6,  and  the  volume  of  the  system, 

wx  obtain  for 

Case  I 

solving  for  k  we  have  the  value  k  =  i. 

Case  II 


solving,  ^  =  6.25. 


solving,  k  =  19.4. 


x.55  =  (i+g^); 
Case  III 
-«3  =  (x  +  8£f*)'. 


The  value  of  k  therefore  increases  rapidly  with  the  content  of  solid 
and  in  using  this  relation  for  the  calculation  of  the  viscosity  for  any 
given  concentration,  or  vice  versa,  it  will  be  necessary  to  compute 
this  value  for  a  series  of  concentrations  so  as  to  obtain  a  curve 
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expressing  this  relation.  In  case  such  a  calculation  is  applied  to 
a  casting  slip  the  percentage  content  of  alkali  in  terms  of  the  dry 
weight  of  the  materials  must  be  kept  constant  or  else  discrep- 
ancies will  appear. 

XI.  THE  TIME  FACTOR 

The  change  in  the  viscosity  of  slips  with  time  is  a  very  important 
factor  in  casting  practice.  Considerable  trouble  ensues  frequently 
owing  to  the  use  of  variously  aged  slip.  Thus  in  one  case  a  slip 
proved  to  work  very  satisfactorily  after  24  hours  bliuiging,  but 
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showed  a  decided  "livery"  consistency,  due  to  coagulation,  after 
three  days.  This  phenomenon  was  constantly  met  with  in  the 
present  work  and  was  not  overcome  by  the  predrying  of  the  clay 
body  at  110°  C.  It  seemed  to  be  evident  also  that  the  slips  con- 
taining alkali  just  sufficient  to  bring  about  maximum  defloccula- 
tion,  or  less  than  this  amount,  were  more  apt  to  show  fluctuation 
in  viscosity  than  those  containing  more  than  the  required  amount. 
The  time  factor  is  explained,  first,  by  the  fact  that  the  action  of  the 
alkalies  upon  the  dispersed  matter  is  often  quite  slow  unless  vigor- 
ous agitation  is  kept  up  constantly.     Second,  the  concentration  of 


38  Technologic  Papers  of  the  Bureau  of  Standards 

alkali  may  change  also  because  of  absorption  and  reaction  with 
silica  or  the  soluble  sulphates.  The  latter  salts  play  an  especially 
important  part  in  the  case  of  ball  clays,  which,  as  is  well  known, 
may  diminish  the  liquefying  action  of  the  alkalies  in  a  very  decided 
manner  or  require  the  addition  of  an  excess  of  the  alkali.  Accord- 
ing to  the  nature  of  the  clays  and  the  content  of  the  reagents  the 
time  effect  may  consist  in  further  deflocculation  or  in  coagulation 
of  the  slip.  Clay  slips  containing  no  alkaline  reagents  are  subject 
to  even  greater  variations  in  viscosity  than  casting  slips.  The 
accompanying  diagram  (Fig.  16)  shows  the  gradual  coagulation  of 
a  practical  casting  body  containing  o.i  per  cent  of  a  mixture  of 
sodium  carbonate  and  sodium  silicate.  This  phenomenon  does  not 
take  place  with  higher  concentrations  of  alkali.  It  is  necessary 
therefore  in  preparing  casting  slips  to  know  the  time  effect  so  as  to 
counteract  it  by  properly  regulating  the  content  of  reagents.  It 
is  quite  possible  that  the  organic  colloids  of  the  ball  clay  may  tend 
to  exercise  a  protective  influence  on  the  stability  of  the  system. 

XII.  SUMMARY 

It  has  been  shown  that  the  washing  of  kaolinitic  clays  may  be 
decidedly  improved  as  far  as  the  quality  of  the  product  is  con- 
cerned by  adding  to  the  water  in  the  blunger  a  definite  small 
amount  of  caustic  soda  or  a  mixture  of  caustic  soda  and  sodium 
silicate.  This  makes  possible  more  complete  sedimentation  of  the 
granular  impurities  which  it  is  desired  to  remove.  This  treatment 
improves  the  color  of  most  clays,  enriches  their  content  in  clay 
substance,  decreases  the  drying  shrinkage,  but  tends  to  increase 
the  burning  shrinkage.  Clays  containing  iron  in  the  form  of  finely 
divided  ferric  oxide  can  not  be  treated  successfully  by  this  process. 

The  electrical  osmosis  process  plays  no  important  part  in  the 
purification  of  clays.  Its  function  is  that  of  mechanically  deposit- 
ing particles  in  suspension  upon  the  positive  electrode.  It  thus 
replaces  the  filter  press,  and  if  the  latter  is  of  a  modern  improved 
type  any  advantage  resulting  from  continuous  and  automatic 
operation  will  be  more  or  less  neutralized.  The  higher  the  voltage 
of  the  current  employed  the  denser  will  be  the  deposit  of  clay  and 
the  lower  the  water  content.  The  preliminary  sedimentation  proc- 
ess, using  caustic  soda  or  other  electrolytes,  seems  to  be  the  real 
feature  of  the  osmose  process.     The  electrical  method  of  separa- 
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tion  can  not  remove  finely  divided  ferric  oxide.  It  also  deposits 
with  the  clay  any  finely  divided  quartz  which  may  be  in  suspension. 

The  efllux  viscosimeter  appears  to  be  satisfactory  for  the  tech- 
nical study  of  casting  slips.  The  kinetic  and  temperature  correc- 
tions applied  in  precise  measurements  are  not  necessary  for  the 
purpose  in  view. 

Sodium  silicate  is  a  more  eft"ective  reagent  as  far  as  the  reduction 
of  viscosity  is  concerned  than  sodium  carbonate. 

North  Carolina  kaolin  in  suspension  is  not  influenced  by  the 
reagents  in  question  in  a  marked  manner,  because  of  its  compara- 
tive coarseness. 

Georgia  kaolin  has  a  far  greater  initial  viscosity  than  the  North 
Carolina  kaolin  and  appears  to  be  very  sensitive  to  additions  of 
sodium  carbonate.  It  shows  a  well-defined  minimum  of  short 
range,  which  turns  toward  a  maximum.  Its  range  at  minimum 
viscosity  is  greater  when  sodium  silicate  is  used. 

Tennessee  ball  clay  No.  3  gives  no  indication  of  a  decided  mini- 
mum viscosity  point. 

Florida  kaolin  responds  decidedly  to  the  addition  of  sodium 
carbonate,  but  a  well-defined  minimum  is  not  reached,  probably 
due  to  the  comparatively  large  amount  of  pseudoemulsoid  or  lyo- 
phile  substance  produced.  With  sodium  silicate  the  viscosity 
decrease  is  equally  great,  vvith  no  tendency  to  approach  another 
maximum  value. 

A  large  volume  of  air  seems  to  be  absorbed  in  clay  slips,  the 
removal  of  which  increases  the  viscosity.  Thorough  and  vigorous 
stirring  of  the  slip  therefore  seems  essential,  and  exhaustion  by 
vacuum  might  be  beneficial.  The  effect  of  the  entrapped  air  was 
more  prominent  with  lower  alkali  concentrations  and  with  the 
Georgia  and  Florida  kaolins. 

A  body  containing  North  Carolina  kaolin,  Florida  kaolin,  and 
Tennessee  ball  clay  responded  well  to  the  addition  of  sodium  car- 
bonate, but  showed  a  turn  toward  greater  viscosity  (recoagula- 
tion)  for  additions  greater  than  0.06  per  cent. 

A  commercial  slip  fairly  high  in  English  ball  clay  showed  a  rapid 
drop  in  viscosity,  but  required  a  much  higher  percentage  of  the 
reagent  mixture  than  the  single  clay  bodies.  The  viscosity  seemed 
to  remain  constant  at  the  minimum  value.     It  is  possible  that 
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this  condition  is  due  to  the  presence  of  organic  colloids  which 
exercise  a  protective  influence. 

Interaction  occurs  between  different  clays  with  respect  to  vis- 
cosity changes  independent  of  the  alkali  additions,  and  these  are 
not  necessarily  proportional  to  the  ratios  of  the  admixed  clays  or 
regular  in  character.  It  is  important  therefore  to  know  just  what 
this  interaction  is,  since  it  is  quite  possible  that  some  clays  may 
have  a  detrimental  effect  upon  the  others  in  making  up  the  cast- 
ing body.  The  ball  clay  content  in  a  casting  slip  should  be  re- 
duced to  the  minimum. 

Absorption  of  the  alkaline  reagents  plays  an  important  role  in 
casting  slips.  Sodium  hydroxide  is  absorbed  to  a  far  greater 
extent  than  the  carbonate  and  probably  combines  chemically  with 
the  clay. 

The  tensile  strength  of  cast  bodies  containing  alkali  additions 
may  be  greater  than  that  of  the  same  materials  cast  without  these 
reagents.  Single  clay  body  slips  used  in  the  state  of  maximum 
deflocculation  do  not  seem  to  be  weaker  than  when  the  suspensions 
are  only  carried  to  a  point  to  the  left  of  minimum  viscosity. 

The  general  formula,  n^=n  {i  +kf),  where  /  =  ratio  of  volume  of 
dispersed  particles  to  total  volume  of  system  and  in  which  k  is 
determined  for  each  of  a  series  of  concentrations,  might  prove 
useful  for  interpolation  purposes,  provided  the  alkali  addition  is 
kept  constant. 

Casting  bodies  with  low  concentrations  of  alkali  are  more  apt  to 
change  their  viscosity  with  time  than  those  containing  larger 
additions. 

The  writer  wishes  to  express  his  indebtedness  for  assistance  in 
this  work  to  Messrs.  G.  H.  Brown,  M.  R.  Hornung,  C.  S.  Kinnison, 
and  W.  L.  Howat. 

Washington,  May  27,  191 5. 
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I.  INTRODUCTION 

In  the  effort  to  reduce  or  eliminate  damage  to  pipe  systems  and 
other  subsurface  metalHc  structures  due  to  stray  earth  currents 
from  street  railways,  a  great  many  methods  have  been  proposed 
or  tried.  Some  of  these  have  been  widely  used  with  more  or  less 
benefit  in  many  instances  and  apparent  failure  in  others.  The 
Bureau  of  Standards  has  been  engaged  for  some  time  past  in  a 
general  investigation  of  the  subject  of  electrolysis  and  its  mitiga- 
tion, the  work  being  carried  on  by  special  appropriations  granted 
by  Congress  for  the  purpose. 

Tliis  investigation  has  included  a  study  of  the  physical  laws 
governing  electrolytic  and  self -corrosion  in  soils,  an  extended 
investigation  of  the  effects  of  electric  currents  on  plain  and  rein- 
forced concrete,  and  a  study  of  the  work  of  previous  investigators 
relating  to  the  subject  of  electro l3^sis  and  its  prevention.  Many 
laboratory  investigations  have  been  carried  out,  and  also  experi- 
ments on  artificial  pipe  lines  laid  especially  for  the  purpose  of  per- 
mitting experiments  under  actual  conditions  with  various  methods 
of  electrolysis  prevention.  This  work  has  been  supplemented  by 
a  large  amount  of  field  work  in  various  cities  with  a  view  of  obtain- 
ing first-hand  information  in  regard  to  the  effectiveness  of  differ- 
ent methods  of  mitigation  as  they  are  commonly  applied  and  to 
develop  methods  of  making  electrolysis  surveys  and  giving  any 
special  information  desired.  The  results  of  these  investigations 
are  being  published  in  a  number  of  special  reports,  a  list  of  which 
is  given  at  the  end  of  this  paper. 

The  present  report  is  confined  principally  to  a  discussion  of  the 
subject  of  the  prevention  of  electrolysis  in  metallic  structures, 
including  gas  and  water  systems  and  lead-covered  cables.  The 
discussion  and  conclusions  presented  here  are  based  on  the  studies 
above  referred  to  in  so  far  as  they  yield  definite  results  to  the 
present  time.  The  work  is  still  incomplete,  however,  and  much 
remains  to  be  done  in  the  investigation  of  special  problems  relating 
to  some  of  the  more  important  methods  of  electrolysis  mitigation. 
As  the  work  progresses  supplementary  reports  will  be  made  from 
time  to  time  as  the  results  of  the  investigation  seem  to  justify. 

Although  many  of  the  methods  of  mitigation  hereinafter  dis- 
cussed are  of  limited  application,  and  some  of  them  either  worth- 
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less  or  positively  injurious,  still,  in  view  of  the  fact  that  they  have 
been  seriously  proposed  from  time  to  time  by  engineers  of  stand- 
ing, it  has  been  deemed  advisable  to  discuss  rather  fully  the  field 
of  usefulness  of  each  particular  method,  setting  forth  the  reasons 
for  its  limitations  or  dangers,  as  the  case  may  be.  A  few  of  the 
most  important  methods,  however,  have  been  discussed  in  detail 
and  a  considerable  amount  of  experimental  data  obtained  by  the 
engineers  of  the  Bureau  of  Standards  has  been  presented  as  a  basis 
for  the  more  important  conclusions  and  recommendations  that 
are  presented  in  this  report. 

II.    GENERAL    CONSIDERATIONS    REGARDING    ELEC- 
TROLYSIS 

1.  COMPARISON  OF  THE  ELECTROLYSIS  PROBLEM  IN  AMERICA  WITH 

THAT  IN  OTHER  COUNTRIES 

Almost  immediately  following  the  introduction  of  electric  rail- 
ways serious  trouble  from  electrolysis  of  neighboring  underground 
pipes  was  experienced.  This  rapid  development  of  acute  electrol- 
ysis trouble  was  due  mainly  to  the  fact  that  during  the  earlier 
stages  of  electric  railway  development  relatively  little  care  was 
taken  to  maintain  good  bonding  of  the  rail  joints,  and  as  a  result 
of  the  neglect  of  this  feature  it  very  frequently  happened  that 
practically  all  of  the  railway  return  current  was  compelled  to 
return  to  the  region  near  the  power  house  by  way  of  the  earth, 
much  of  it  finding  its  way  to  the  pipes  and  causing  serious  corro- 
sion where  it  flowed  again  from  the  pipes  into  the  earth  near  the 
power  house. 

In  Great  Britain  the  advent  of  the  trouble  was  very  soon  fol- 
lowed by  the  adoption  of  somewhat  stringent  regulations  for 
reducing  the  damage.  These  took  the  form  of  regulations  limit- 
ing the  voltage  drops  in  the  negative  return,  the  most  important 
of  which  was  a  rule  limiting  the  voltage  drop  between  any  two 
points  in  the  negative  return  to  7  volts.  The  immediate  result 
of  this  limitation  of  voltage  drop  was  to  bring  about  better  bond- 
ing of  the  track  return  and  the  installation  of  negative  return 
feeders  for  returning  current  to  the  power  houses.  This  was  fol- 
lowed by  almost  complete  mitigation  of  electrolysis  troubles,  and 
since  that  time  the  electrolysis  problem  in  Great  Britain  has  not 
been  a  serious  one.    More  recently  the  problem  has  been  attacked 
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from  a  similar  standpoint  in  many  cities  of  continental  Europe, 
and  regulations  in  some  respects  more  stringent  than  those  in 
effect  in  Great  Britain  have  been  put  into  effect.  As  a  result 
very  good  electrolysis  conditions  generally  prevail  in  Europe, 
and  in  rare  instances  only  has  the  trouble  developed  to  an  acute 
stage,  such  as  is  commonly  experienced  in  this  country. 

In  America,  on  the  other  hand,  a  very  different  course  was  pur- 
sued. No  progress  was  made  toward  imposing  voltage  regula- 
tions for  the  negative  return,  and  although  in  time  more  and 
more  attention  was  paid  to  track  bonding,  which  retarded  the 
trouble  somewhat,  the  principal  reliance  from  trouble  was  placed 
on  other  methods,  one  of  the  most  generally  used  being  that 
known  as  "pipe  drainage."  This  method  of  mitigation  consists 
essentially  in  connecting  the  underground  metallic  structiu-es  to 
be  protected  directly  to  the  rails  or  railway  negative  bus  by 
means  of  copper  cables,  in  all  places  where  the  underground  pipes 
or  cables  tend  to  become  positive  to  the  railway  return  circuit. 
This  method  has  been  almost  universally  used  by  telephone  and 
power  companies  for  the  protection  of  lead  cable  sheaths,  and  it 
has  been  used  to  a  considerable  extent  in  connection  with  under- 
ground pipes.  More  recently  insulating  joints  have  been  used  in 
many  installations  and  this  usage  is  rapidly  becoming  common 
practice,  particularly  with  many  gas  companies,  and  not  a  few 
water  companies  have  used  insulating  joints  with  considerable 
success. 

Pipe  drainage,  however,  is  a  treatment  essentially  symptomatic 
in  character,  this  measure  being  designed  to  minimize  the  imme- 
diate destructive  effects  of  the  stray  currents  without  tending  in 
any  way  to  remove  the  cause  of  such  stray  currents.  Notwith- 
standing the  application  of  these  various  measures  to  the  pipes, 
the  trouble  from  electrolysis  is  becoming  increasingly  important 
in  this  country  because  of  the  rapid  development  of  electric  rail- 
way lines  and  the  increase  in  traffic,  and  it  is  probable  that  more 
trouble  from  this  source  is  now  being  experienced  in  this  country 
than  anywhere  else  in  the  world.  Recently,  however,  this  subject 
has  been  given  more  serious  attention  by  the  railway  companies 
as  well  as  the  owners  of  underground  utilities,  and  at  the  present 
time  various  national  engineering  organizations  have  taken  up 


8  Technologic  Papers  of  the  Bureau  of  Standards 

the  matter  in  a  systematic  way,  and  there  is  reason  to  believe 
that  substantial  progress  toward  the  eradication  of  this  evil  will 
be  made 'in  the  near  future. 

2.  ELECTROLYTIC  CORROSION  PROPER 

Electrolytic  corrosion  of  underground  structures  occurs  in 
general  wherever  current  flows  from  the  metallic  structure  into 
the  earth.  The  most  common  cause  of  these  stray  currents  in 
practice  is  primarily  the  drop  of  potential  in  the  railway  return 
circuit  (proportional  to  its  resistance  and  to  the  current  flowing 
in  it) ,  as  a  result  of  which  those  portions  of  the  track  more  remote 
from  the  power  house  will  be  at  a  potential  above  the  earth, 
whereas  those  portions  of  the  track  near  the  power  house  will  in 
general  be  at  a  potential  below  that  of  the  earth.  In  consequence 
of  this,  current  tends  to  flow  from  the  tracks  to  the  earth  in  the 
more  outlying  districts  and  from  the  earth  to  the  tracks  in  the 
region  near  the  power  house.  These  currents  after  getting  into 
the  earth  tend  to  flow  as  a  rule  in  the  general  direction  of  the 
power  house,  and  they  gradually  accumulate  on  any  underground 
pipes  and  cables  that  run  in  the  same  general  direction,  but  when 
they  reach  the  region  near  the  power  house  in  which  the  earth 
and  the  pipes  embedded  therein  are  at  a  higher  potential  than  the 
railway  tracks,  these  currents  are  again  discharged  through  the 
earth  to  the  negative  railway  structure,  and  it  is  in  this  region 
that  the  damage  to  the  pipes  most  frequently  occurs. 

This  region  in  which  the  currents  are  flowing  from  the  pipes 
into  the  earth  is  called  the  positive  area  and  the  outlying  region 
where  the  currents  are  flovvnng  from  the  earth  into  the  pipes  is 
called  the  negative  area.  This  definition  of  positive  and  negative 
areas  is  very  general,  however,  and  it  is  not  safe  to  assume  that 
trouble  is  confined  to  the  so-called  positive  area.  Many  places 
will  be  found  where,  owing  to  high  resistance  in  the  joints,  the 
currents  will  be  forced  to  leak  off  the  pipes  and  flow  through  the 
earth  around  the  joints,  thus  making  a  small  positive  area  on  one 
side  of  the  joint  and  a  small  negative  area  on  the  other  side  of  the 
joint.  Such  local  positive  areas  may  be  found  in  what  is  generally 
known  as  the  negative  region,  and  where  these  occur  corrosion 
of  the  pipes  may  take  place  although  the  pipe  systems  in  general 
are  found  to  be  negative  to  the  railway  tracks. 
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Further,  two  pipe  systems  occupying  the  same  territory  may 
both  be  decidedly  negative  to  the  railway  return,  but  one  more 
strongly  negative  than  the  other.  In  this  case  the  two  pipe 
systems  will  be  at  different  potentials  and  one  will  discharge 
current  into  the  other  and  thus  give  rise  to  corrosion  on  the  pipe 
system  at  the  higher  potential,  although  readings  might  show 
that  it  is  at  all  points  negative  to  the  railway  return.  In  deter- 
mining whether  or  not  a  pipe  or  cable  is  undergoing  electrolytic 
corrosion  it  is  necessary  to  determine  not  only  whether  it  is 
positive  to  the  railway  system  but  also  whether  it  is  positive  to 
any  surrounding  structure. 

When  current  is  discharged  from  a  pipe  or  cable  sheath  into 
the  earth  the  amount  of  corrosion  which  take  place  is  roughly 
proportional  to  the  product  of  the  current  strength  into  the  time 
during  which  the  current  flows;  in  other  words,  to  the  quantity 
of  electricity  that  has  been  discharged  by  the  pipes.  If  the 
structure  be  iron  pipe,  the  amount  of  corrosion  under  most  con- 
ditions in  wet  soils  will  be  about  20  pounds  per  ampere  per  year, 
and  in  the  case  of  lead  cables  the  corrosion  will  be  approximately 
75  pounds  per  ampere  per  3^ear.  In  many  cases,  however,  both 
with  iron  and  lead,  either  more  or  less  than  this  theoretical 
amount  of  corrosion  will  take  place.  This  is  especially  true  in 
relatively  dry  soils  where  the  corrosion  is  generally  very  much 
less  than  the  figure  here  given.  Extensive  investigations  have 
shown,  however,  that  the  actual  corrosion  that  takes  place  in  the 
case  of  iron  varies  in  different  cases  from  10  to  25  pounds  per 
ampere  per  year. 

It  is  not  possible,  however,  to  determine  the  amount  of  damage 
to  the  pipe  structure  by  determining  the  amount  of  current  which 
it  is  discharging  from  any  given  portion  of  its  length  and  calcu- 
lating therefrom  the  amount  of  corrosion  which  takes  place.  The 
reason  for  this  is  not  alone  the  uncertainty  in  the  total  amount  of 
corrosion  just  referred  to,  but  more  particularly  it  is  due  to  the 
fact  that  the  corrosion  is  in  practically  all  cases  very  unequally 
distributed  over  the  surface  of  the  iron,  there  being  a  marked 
tendency  for  the  current  to  be  discharged  locally,  producing  the 
phenomenon  commonly  known  as  pitting.  In  this  manner  a 
small  hole  may  be  eaten  entirely  through  the  pipe  thereby  destroy- 
ing its  usefulness,  while  the  average  corrosion  over  the  surface  of 
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the  pipe  may  be  relatively  small.  Figure  i  shows  an  example  of 
a  pipe  that  has  been  corroded  by  stray  currents,  and  which  ex- 
hibits the  characteristic  pitting  that  has  been  almost  universally 

encountered. 

3.  SELF-CORROSION 

Self-corrosion  is  very  generally  regarded  as  being  due  primarily 
to  the  presence  of  local  galvanic  currents  at  the  surface  of  the 
corroded  metal,  due  either  to  physical  differences  between  adja- 
cent points  on  the  surface  of  the  metal  or  to  foreign  conducting 
substances  in  the  soil.  For  example,  if  a  piece  of  carbon  in  the 
form  of  coke  be  embedded  in  the  soil  in  contact  with  the  pipe 
surface  at  one  point  there  will  be  a  difference  of  potential  between 
the  coke  and  the  pipe  and  a.  current  will  flow  from  the  pipe  through 
the  moist  soil  to  the  coke  and  return  to  the  pipe  through  the  con- 
tact point  between  the  two.  The  action  here  is  exactly  analagous 
to  the  action  in  a  primary  battery  in  which  a  piece  of  zinc  and  a 
piece  of  carbon  are  immersed  in  the  electrolyte  and  connected 
together  through  an  external  circuit.  A  current  flows  through 
the  electrolyte  from  the  zinc  to  the  carbon,  thereby  corroding  the 
zinc.  The  electromotive  force  given  by  iron  or  steel  when  em- 
bedded in  ordinary  soils  in  contact  with  coke  is  usually  about  0.6 
volt,  and  this  is  sufficient  to  ghi^  rise  to  very  rapid  corrosion  and 
pitting  of  the  iron  surface.  Action  of  this  kind  is  frequently  en- 
countered where  pipes  are  embedded  in  soils  containing  cinders 
in  which  particles  of  coke  may  be  found. 

Galvanic  action  of  this  kind  also  takes  place  as  a  secondary 
action  following  electrolysis  from  stray  currents.  If  stray  cur- 
rents are  discharged  from  a  pipe  producing  initial  corrosion,  the 
corroded  iron  thus  carried  into  solution  in  the  soils  comes  in  con- 
tact with  oxygen  dissolved  in  soil  water  which  results  in  the  pre- 
cipitation of  iron  oxide  on  the  surface  of  the  pipe.  This  iron 
oxide  is  a  conductor  of  electricity,  and  it  also  exhibits  an  electro- 
motive force  against  iron,  as  In  the  case  of  the  piece  of  coke. 
Hence,  where  iron  oxide  is  thus  deposited  on  the  surface  of  the 
iron  at  any  point,  corrosion  may  continue  to  some  extent  even 
though  the  stray  cmrents  which  initiated  the  trouble  have  been 
removed.  Self -corrosion  may  also  occur  from  galvanic  action 
due  to  physical  differences  between  different  points  of  the  surface 


Bureau  of  Standards  Technologic  Paper  No.  52 


/& 


Fig.  I. — Example  of  electrolytic  corrosion 


Fig.  2. — Example  of  self  corrosion 
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of  the  iron  itself,  or  due  to  differences  in  the  electrolyte  in  the  soil 
near  to  adjacent  portions  of  the  iron  surface. 

Unfortunately,  self -corrosion  generally  manifests  itself  in  a 
manner  very  similar  to  that  caused  by  stray  currents.  This  is 
shown  quite  clearly  in  Fig.  2,  which  is  a  photograph  of  two  pieces 
of  cast-irOn  pipe  corroded  under  conditions  such  that  no  stray 
currents  could  exist.  It  will  be  seen  that  the  pipe  exhibits 
pitting  very  similar  to  that  caused  by  electrolylic  corrosion.  Be- 
cause of  this  similarity  in  appearance  it  is  not  possible  in  general 
to  determine  by  inspection  of  a  corroded  pipe  whether  or  not  the 
corrosion  was  caused  by  stray  currents  or  by  local  galvanic  action. 
Owing  to  this  fact  it  not  infrequently  happens  that  cases  of  pipe 
corrosion  are  charged  to  the  railway  companies  when  the  damage 
was  actually  due  to  local  causes  arising  from  the  nature  of  the 
soil  or  of  the  pipe,  or  both. 

The  only  sure  way  of  determining  whether  or  not  stray  currents 
are  causing  corrosion  in  any  particular  case  is  by  making  proper 
electrical  tests  to  determine  w^hether  or  not  the  pipes  are  actually 
discharging  current  into  the  earth.  In  a  case  where  serious  cor- 
rosion has  been  caused  by  stray  currents  and  the  cause  of  these 
stray  currents  later  removed,  the  only  certain  way  of  determining 
whether  or  not  the  previous  corrosion  was  caused  by  stray  cur- 
rents or  by  local  influences  is  by  making  actual  corrosion  tests  in 
the  soil  under  the  same  average  conditions  of  moisture  and  using 
the  same  kind  of  iron  as  was  previously  found  corroded.  In  the 
absence  of  a  test  of  this  kind  it  is  not  possible  to  fix  with  cer- 
tainty the  cause  of  the  damage. 

4.  TROUBLES  FROM   STRAY  CURRENTS   OTHER  THAN   CORROSION 

While  it  is  no  doubt  triie  that  by  far  the  greater  portion  of 
damage  caused  by  stray  currents  takes  the  form  of  corrosion  of 
underground  pipes  and  cables  there  are  certain  other  dangers 
resulting  from  these  stray  currents  that  deserve  consideration. 
Among  these  may  be  mentioned  overheating  of  pipes  in  buildings 
due  to  the  flow  of  excessively  heavy  currents  therein.  Cases  of 
this  kind  have  been  brought  to  our  attention  in  which  service  pipes 
and  their  connections  have  been  heated  to  a  red  heat  by  stray 
railway  currents  flowing  through  them,  and  where   lead  service 
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pipes  have  been  melted  off.  Such  extreme  cases  are  of  course  rare, 
but  when  they  do  occur  the  fire  hazard  accompanying  them  may 
at  times  be  serious.  Another  danger  from  the  presence  of  stray 
currents  on  pipes  is  that  due  to  the  possibiHty  of  explosion  of  gases. 
Wherever  any  considerable  amount  of  stray  current  is  found  on  a  gas 
pipe  it  is  necessary  to  bond  around  any  contemplated  break  in  the 
continuity  of  the  pipe,  otherwise  the  arc  which  would  occur  be- 
tween the  pipe  sections  when  disconnected  would  be  likely  to  ignite 
escaping  gas  with  possibly  serious  consequences.  These  various 
dangers  will  be  referred  to  again  later. 

5.  .ELECTROLYSIS  IN  CONCRETE  AND  IN  STEEL  BUILDINGS  ^ 

(a)  Anode  effects. — During  the  last  few  years  it  has  been  observed 
that  when  an  electric  current  flows  through  reinforced  concrete 
certain  effects  are  produced  which  may  result  in  the  destruction 
of  the  concrete  structure.  The  first  of  these  to  be  observed  is 
known  as  the  anode  effect,  first  described  by  A.  A.  Kjiudson,^ 
which  occurs  under  certain  circumstances  when  current  passes 
from  the  reinforcing  material  out  into  the  concrete.  The  action 
here  is  essentially  the  same  as  when  current  is  discharged  from  a 
pipe  into  the  earth,  namely,  the  surface  of  the  iron  is  corroded; 
but  the  effects  of  this  case  are  even  more  serious  than  in  the  cor- 
rosion of  pipes  because  of  the  secondary  actions  which  take  place. 

As  soon  as  iron  is  carried  into  solution  by  the  electric  current  it 
comes  in  contact  with  oxygen  in  the  concrete  and  there  is  formed 
a  precipitate  of  iron  oxide.  This  occupies  a  volume  of  about  2.2 
times  the  volume  of  the  original  iron,  and  there  results  a  swelling 
action  which  in  time  may  become  sufficient  to  split  even  very 
large  masses  of  concrete.  The  character  of  the  results  of  this 
action  are  shown  in  Fig.  3,  which  shows  a  block  of  concrete  with 
an  embedded  iron  electrode  which  has  been  exposed  for  some  time 
to  the  flow  of  current  from  the  iron  into  the  concrete. 

It  is  very  important  from  the  practical  standpoint  to  bear  in 
mind,  however,  that  the  disastrous  results  shown  in  Fig.  3  occur 
only  under  special  conditions  which  are  not  likely  to  be  frequently 

^  For  a  full  discussion  of  the  subject  of  electrolysis  in  reinforced  concrete,  see  Technologic  Paper  No.  i8 
of  the  Bureau  of  Standards. 
2  Electrolytic  Corrosion  of  Iron  and  Steel  in  Concrete,  trans.  A.  I.  E.  E.,  Vol.  26,  p.  231,  1907. 
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Fig.  3. — Anode  effect  in  concrete 


Fig.  4. — Cathode  effect  in  concrete 
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encountered  in  actual  practice.  Extensive  investigations  have 
shown  that  in  the  case  of  ordinary  concrete  this  rapid  corrosion  of 
the  embedded  iron  with  the  resultant  cracking  of  the  concrete 
takes  place  only  when  the  potential  gradient  impressed  on  the 
specimen  is  quite  high — much  higher,  in  fact,  than  would  generally 
be  encountered  from  stray  railway  currents.  If  the  voltage  on 
specimens  of  ordinary  size  such  as  might  be  used  in  buildings  is 
kept  as  low  as  2  or  3  volts  or  less,  long  time  experiments  have 
shown  that  practically  no  damage  to  the  concrete  results.  It  is 
therefore  only  under  very  extreme  conditions  that  serious  trouble 
of  this  kind  is  likely  to  be  met  in  practice.  However,  it  may  occur; 
as  for  example,  when  an  electric  light  wire  becomes  grounded  on  a 
metallic  conduit  embedded  in  concrete.  The  voltage  here  would 
generally  be  high  enough  to  cause  corrosion  of  the  conduit  and 
any  reinforcing  material  that  might  be  electrically  connected  there- 
with, which  would  result  in  ultimate  splitting  and  more  or  less 
complete  local  destruction  of  the  concrete  structure;  this  is  there- 
fore a  danger  which  under  certain  conditions  should  be  guarded 
against.  For  this  reason  it  may  be  well  not  to  embed  metal  con- 
duit in  concrete  structures  where  the  character  of  the  building  is 
such  that  this  is  not  necessary,  nor  should  the  conduit  be  elec- 
trically connected  to  the  reinforcing  material. 

It  is  important  to  call  attention  to  the  fact  that  while,  as  above 
stated,  in  ordinary  normal  concrete  with  only  2  or  3  volts  or  less 
acting  on  concrete  structures  of  the  sizes  usually  encountered  in 
practice,  serious  corrosion  or  cracking  of  the  concrete  will  not 
occur,  such  corrosion  and  cracking  will  develop  if  any  appreciable 
amount  of  salt  is  added  to  the  concrete  either  during  or  after  con- 
struction. It  has  been  conclusively  shown  by  years  of  experience 
that  ordinary  concrete  affords  a  good  protection  for  iron  against 
natural  corrosion,  and  recent  investigations  have  shown  that  under 
ordinary  circumstances  it  also  affords  a  fair  degree  of  protection 
against  electrolytic  corrosion.  The  addition  of  a  small  quantity 
of  salt,  however,  has  been  found  to  destroy  completely  the  protec- 
tive effect  against  electrolytic  corrosion.  For  this  reason  it  is  very 
important  that  no  salt  be  used  in  the  erection  of  reinforced  con- 
crete structures  wherever  there  is  any  likelihood  of  stray  currents 
from  any  source  getting  into  the  reinforcing  material. 
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(b)  Cathode  Effect. — Another  effect  of  electric  currents  on  rein- 
forced concrete  has  only  recently  been  discovered.  This  is  the 
cathode  effect,  and  it  occurs  only  where  the  current  flows  from  the 
concrete  toward  the  reinforcing  material.  In  this  case  there  is  no 
corrosion  of  the  iron  at  all,  but  there  is  a  gradual  softening  of  the 
concrete  at  the  surface  of  the  reinforcing  material,  due  to  the 
gradual  concentration  of  alkali  at  the  cathode.  This  softening 
begins  at  the  surface  of  the  iron  and  very  slowly  progresses  out- 
ward into  the  concrete,  often  requiring  many  weeks  or  months  to 
progress  a  distance  of  a  sixteenth  of  an  inch.  The  practical  im- 
portance of  this  phenomenon  lies  in  the  fact  that  the  softening  of 
the  concrete  at  the  surface  of  the  reinforcing  material,  although 
usually  confined  to  a  thin  layer,  is  nevertheless  sufficient  practi- 
cally to  destroy  the  bond  between  the  iron  and  the  concrete,  and 
in  this  way  a  structure  may  be  weakened  or  destroyed. 

The  cathode  effect  has  been  foimd  to  occur  not  only  on  high 
voltages,  as  in  the  case  of  the  anode  effect  above  described,  but 
also  on  relatively  low  voltages,  the  rate  at  which  it  progresses 
being  roughly  proportional  to  the  voltage  applied  in  any  particular 
case.  Examples  of  trouble  of  this  kind  are  shown  in  Fig.  4,  which 
shows  very  definite  regions  of  softened  concrete  surrounding  the 
embedded  iron.  Because  of  the  fact  that  this  softening  of  the 
concrete  near  the  cathode  progresses  at  a  much  lower  voltage  than 
is  generally  required  to  produce  the  anode  effect  previously 
described,  this  cathode  effect  is  likely  to  prove  of  greater  practical 
importance  than  the  cracking  of  the  concrete  at  the  anode  which 
had  previously  been  observ^ed. 

In  regard  to  the  actual  dangers  to  which  reinforced  concrete 
structures  in  practice  are  subjected  as  the  result  of  these  phenom- 
ena, it  should  be  emphasized  that  while  cases  of  actual  damage  of 
this  sort  have  been  encountered  in  practice  in  a  few  instances,  they 
are  comparatively  rare,  and  only  in  exceptional  cases  have  condi- 
tions been  such  as  to  produce  any  appreciable  amount  of  damage 
in  actual  building  structures.  We  have  had  occasion  to  investi- 
gate numerous  cases  in  which  reinforced  buildings  or  bridges  have 
been  damaged  in  which  the  damage  was  attributed  to  stray  cur- 
rents, but  in  most  cases  it  has  been  found  that  the  trouble  was  not 
in  any  way  due  to  the  presence  of  electric  currents.     In  fact  only 
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one  case  has  up  to  the  present  time  come  to  our  attention  in  which 
any  serious  damage  to  a  reinforced  concrete  structure  has  occurred 
in  actual  practice,  except  in  those  instances  where  salt  was  present 
in  the  concrete  in  considerable  quantity.  This  emphasizes  the 
importance  of  omitting  salt  in  the  construction  of  reinforced  con- 
crete buildings  wherever  there  is  any  likelihood  of  stray  currents 
getting  into  the  structure. 

III.  METHODS  OF  MITIGATION  APPLICABLE  TO   PIPES 

The  various  methods  of  electrolysis  mitigation  that  have  been 
proposed  are  here  treated  broadly  under  two  heads — first,  those 
that  may  be  applied  to  the  pipe  systems  for  protection  of  the  pipes 
without  regard  to  the  extent  of  stray  current  leaking  from  the 
rails;  second,  those  which  are  applied  directly  to  the  negative 
return  of  the  street  railway  system  and  have  for  their  object  the 
prevention  of  leakage  of  electric  current  into  the  earth  or  the  reduc- 
tion of  such  leakage  to  so  low  a  value  that  it  will  do  practically  no 
harm. 

1.  SURFACE  INSULATION  OF  PIPES 

Painting  or  otherwise  insulating  the  surface  of  pipes,  as  by  the 
use  of  treated  papers  and  textiles,  was  early  resorted  to  as  a  possible 
means  of  protecting  the  pipes  from  electrolysis,  and  this  method 
is  still  used  in  some  instances.  It  is  doubtful,  however,  whether 
there  exist  any  instances  in  which  it  has  been  definitely  proven 
that  insulating  paints  have  effectively  protected  pipes  from  elec- 
trolysis for  any  considerable  period  of  time,  while  there  are  many 
instances  where  they  have  failed  utterly  and  where  their  presence 
has  actually  done  harm.  This  statement  may  seem  somewhat 
surprising  to  some  who  are  familiar  with  instances  where  paints 
have  withstood  the  action  of  soils  for  a  long  period  and  when 
uncovered  both  paint  and  pipe  appeared  to  be  in  practically  as 
good  condition  as  when  they  were  laid  down.  Practically  all 
paints  are  classified  as  insulators,  and  it  is  quite  natural  that  the 
impression  should  be  more  or  less  prevalent  that  these  paints  ought 
to  prove  effective  as  a  protection  against  self -corrosion  in  the  soil. 
In  practice,  however,  such  paints  behave  in  a  very  uncertain  man- 
ner at  best;  a  given  paint  may  endure  for  long  periods  in  some 
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places  while  in  other  places  in  the  same  city  it  may  deteriorate 
rapidly  and  become  worthless  in  a  comparatively  short  time. 
This  is  due  partly,  no  doubt,  to  differences  of  soil  conditions. 
General  failure  of  these  paints  under  conditions  where  electrolysis 
was  to  be  expected  indicate  that  the  stray  currents  have  much  to 
do  with  the  destruction  of  the  coatings.  With  a  view  to  throwing 
further  light  on  this  point  and  also  to  determine  if  possible  some- 
thing of  the  relative  value  of  these  coatings  as  a  possible  protection 
against  electrolysis,  the  Bureau  of  Standards  has  carried  out  a 
considerable  number  of  experiments  with  different  types  of  com- 
mercial pipe  coatings  and  protective  paints  which  have  yielded 
considerable  definite  information. 

(a)  Work  of  Previous  Investigators  on  Paint  Coatings. — A  con- 
siderable amount  of  work  relating  to  surface  insulation  of  pipes 
has  been  done  by  many  pipe-owning  companies  as  well  as  in 
special  investigations  by  individuals.  The  most  extensive  work 
in  this  direction  carried  on  by  individual  investigators  was  that 
reported  by  R.  B.  Harper  before  the  Illinois  Gas  Association  in 
March,  1909.  In  this  investigation  more  than  38  different  com- 
pounds, including  paints,  dips,  and  wrappings,  were  tested.  Thje 
conclusions  given  in  the  report  state  that  no  insulating  coating 
was  found  that  would  resist  the  attacks  of  electrolysis  for  any 
considerable  length  of  time.  Against  the  results  of  these  tests, 
however,  there  has  been  directed  a  criticism  that  the  voltage  used 
on  the  coatings  was  abnormally  high  (iio  volts),  and  therefore 
would  not  represent  actual  working  conditions,  where  the  voltage 
might  average  but  a  few  per  cent  of  the  above  value. 

This  criticism  would  appear  to  be  more  or  less  well  founded, 
because  it  is  not  desirable  as  a  rule  to  accept  an  intensive  test  as 
conclusive,  and  this  is  particularly  true  in  a  case  where  a 
breakdown  voltage  may  be  involved.  It  is  not  safe  to  assume 
that  because  a  coating  will  not  withstand  the  action  of  no  volts 
it  is  therefore  not  suitable  for  insulating  pipes  at  10  volts  or  less, 
and  since  the  voltages  to  which  a  pipe  coating  would  be  subjected 
under  most  practical  conditions,  would  not  exceed  a  few  volts, 
tests  made  on  no  volts  would  not  appear  to  furnish  altogether 
reliable  data  as  to  the  value  of  the  coatings  as  a  protection  against 
electrolysis. 
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In  addition  to  the  work  mentioned  in  the  previous  paragraph 
that  of  various  other  investigators  also  points  to  the  fact  that  at 
least  a  large  proportion  of  the  paints  sold  for  the  purpose  of 
preserving  metals  from  corrosion  are  not  impervious  to  water, 
and  as  will  be  shown  later  this  is  a  vital  point  in  the  protection 
of  pipes  from  electrolytic  corrosion  by  such  means.  From  the 
standpoint  of  soil  corrosion  the  access  of  a  slight  amount  of  mois- 
ture to  the  surface  of  the  iron  may  not  be  a  serious  matter,  pro- 
vided the  paint  is  an  inhibitor  of  corrosion,  or  at  least  does  not 
form  a  galvanic  couple  with  the  iron,  but  if  there  is  a  difference 
of  potential  of  even  a  few  volts  between  the  pipes  and  soil,  the 
results  may  be  very  serious,  as  shown  by  the  experimental  data 
presented  later  in  this  paper. 

(6)  Materials  Available  for  Insulation  of  Pipes. — The  materials 
which  are  commercially  available  for  this  particular  kind  of 
insulation  work  and  which  are  practicable  commercially  may  be 
divided  into  four  general  classes: 

(i)  Paints  or  compounds  which  are  to  be  applied  at  ordinary 
temperatures,  depending  on  oxidation  or  other  chemical  action, 
drying,  etc.,  for  their  setting  properties. 

(2)  Dips  or  compounds  intended  to  be  melted  at  a  high  temper- 
ature and  the  iron  immersed  and  left  imtil  bath  and  iron  are  at 
the  same  temperature,  when  the  iron  is  removed  and  allowed  to 
cool,  the  compound  hardening  with  decreasing  temperature. 
These  dips  include  asphalts,  coal  tar,  pitches,  and  allied  products. 

(3)  Wrappings  which  consist  of  alternate  layers  of  compound 
and  fabric,  the  compounds  used  including  the  classes  mentioned 
under  both  (i)  and  (2),  while  the  fabric  may  be  either  felt,  cloth, 
or  paper.  These  may  be  treated  or  untreated,  according  to  the 
ideas  of  the  manufacturer  or  the  person  making  the  test. 

(4)  Coverings  consisting  of  some  sort  of  conduit,  or  a  large 
pipe  inclosing  the  pipe  or  cable  to  be  protected,  the  intervening 
space  between  pipe  and  conduit  being  sometimes  filled  with  an 
insulating  material  such  as  pitch. 

(c)  Tests  on  Pipe  Coatings. — Coatings  of  the  first  three  classes — 
namely,  paints,  dips,  and  wrappings — have  been  tested  in  consider- 
able  number   during   the   course   of   these  investigations.     The 
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details  of  the  experiments  thus  far  completed  relating  to  pipe 
coverings  are  reported  in  full  in  Technologic  Paper  No.  15  of  the 
Bureau  of  Standards,  so  that  only  a  summary  of  the  results  need 
be  presented  here. 

In  making  these  tests  the  coatings  were  carefully  applied  in 
accordance  with  instructions  of  the  manufacturers,  and  in  all  cases 
a  sufficient  number  of  coatings  were  applied  to  give  perfect  con- 
tinuity and  insiu-e  the  absence  of  pinholes  over  the  entire  surface. 
In  order  to  determine  whether  or  not  there  were  any  flaws  in  the 
finished  coating,  the  coated  surface  was  immersed  in  salt  water, 
and  an  electromotive  force  of  80  volts  was  applied  between  the 
coated  iron  and  the  salt  solution  for  a  period  of  30  seconds.  A 
very  sensitive  milliammeter  was  placed  in  series  with  the  electric 
circuit  and  gave  a  deflection  in  case  there  was  a  minute  flaw  at 
any  point  of  the  coating.  After  30  seconds  the  electromotive 
force  was  removed  and  the  electrical  resistance  of  the  coating 
measured  by  a  special  method.  The  coating  was  then  placed 
under  a  life  test  by  immersing  the  coated  surface  in  a  suitable 
electrolyte,  usually  Potomac  River  water,  and  impressing  on  the 
coating  a  low  potential  difference  between  the  iron  and  the  sur- 
rounding water.  As  a  rule,  five  specimens  of  each  kind  were  used, 
in  two  of  which  the  coated  iron  was  made  positive  and  in  one 
negative,  and  in  the  remaining  two  no  electromotive  force  was 
applied.  The  electromotive  force  permanently  applied  during 
the  life  test  was  4  volts  in  all  cases  for  the  painted  pipes  and  15 
volts  in  the  case  of  the  dips  and  wrappings. 

Table  i  gives  the  condensed  data  for  the  tests  on  the  pipes 
covered  by  paint  coatings.  This  table  shows  the  number  of  coat- 
ings gi\  en  each  specimen,  the  resistance  in  ohms  per  square  centi- 
meter ])efore  the  test  was  started,  the  electrolyte  used,  which  in 
most  cases  was  water  from  city  mains,  and  the  voltage  of  the 
time  test.  The  polarity  of  the  coated  iron,  hours  elapsing  before 
the  fir  ,t  appearance  of  current  flow  in  positive,  negative,  and 
neutral  specimens,  and  the  weeks  of  drying  prior  to  testing  are 
also  given  for  each  specimen. 
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Name  of  paint 

0 
« 

0 

0. 
CO 

1 
0 

Resis.,  ohms 
per  cm  a 

Electrolyte 

« 
0 

1 

0 

V 

0 

> 

Polarity 
of  cone 

Hours  to  failure 

■0 

a 

ca 

^ 
^ 

3 

1 

Antakwa,  heavy 

Antakwa,  metal  pro- 
tection. 

R.  I.  W.»  nimiber 
not  known. 

Carbonkote,  interior 

Mindura,  brine-re- 
sisting finish. 

Mindura,  ordinary 
finish. 

Nev-a-Rust 

1 

2 
3 

4 
5 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 

1 
2 
3 

4 
5 

1 
2 
3 
4 
5 

5 
5 

5 
5 
5 
5 
5 

4 
4 
4 
4 
4 

4 
4 
4 
4 
4 

4 
5 
4 
4 
4 

4 
4 
4 
4 
4 

4 
4 
4 
4 
4 

2.  0  z  10  " 

2.0x10" 

>2.0xl0" 

>2.0xlO" 

>2.0xl0" 

2.  0  X  10  " 

1.  6  X  10  9 
>2.  0  X  10  " 
>2.  0  X  10  " 
>2. 0  X  10  " 

2.  0  X  10  11 
>2.  0  X  10  " 
>2.  0  X  10  " 
>2.0xlOJ» 
>2.0xlO" 

3.  0  X  10  10 
3.  6  X  10  10 

>2.  0  X  10  11 
>2.0X10" 
>2.  0  X  10  11 

7.  0  X  10  9 

3.  2  X  10  9 

>2.0xl0" 

>2.0xlO" 

>2.  0  X  10  " 

10.  8  X  10  9 

3.  2  X  10  9 

>2.0xl0'i 

>2.  0  X  10  11 

>2.0xl0" 

1.  7  X  10  9 
7.  7  X  10  8 
1.6x109 
1.6x109 
2. 1  X  10  9 

2.0x10  10 

5.  5  X  10  10 

>2.  0x10" 

>2.  0  3^0" 

>2.0ff0" 

3.  0  X  10  9 
1.  6  X  10  9 
1.1x10" 

1.  IxlO" 

5.  5  X  10  10 

2.  0  X  10  " 

3.  4  X  10  7 
9.  2  X  10  6 
1.  2  X  10  8 

1.  0  X  10  6 

4.  5  X  10  8 
3.  6  X  10  8 

6.  2  X  10  9 

5.  4  X  10  9 
5.  6  X  10  9 

2%  Na2C03 . . . 
Water 

4 
4 
4 
0 
0 

4 
4 
4 
0 
0 

4 
4 
4 
0 
0 

4 
4 
4 
0 
0 

4 
4 
4 
0 
0 

4 
4 
4 
0 
0 

4 
4 
4 
0 
0 

4 
4 
4 
0 
0 

4 
4 
4 
0 
0 

4 
4 
4 
0 
0 

4 
4 
4 
0 
0 

Pos . . . 
Pos... 
Nee. . . 

312 
384 

7, 

? 

do 

2000 

'1466' 
1400 

8 

do 

Neut.. 

R 

do 

Neut.. 

- 

A 

z 

2%Na2C03... 
Water 

Pos... 
Pos... 
Neg... 

192 
0 

? 

? 

do 

2000 

'hoo' 

1400 

R 

do 

Neut.. 

8 

do 

Neut.. 

n 

3 

^%H2S04 

Water 

Pos . . . 
Pos... 

Neg. . . 

312 
5000 

?. 

? 

do 

600 

1350 

8 

do 

Neut.. 

8 

do 

Neut.. 

8 

4 

^%H2S04 

Water 

Pos . . . 
Pos... 

Neg. . . 

528 

(a) 

? 

? 

do 

(«) 

(a) 

8 

do 

Neut.. 

8 

do 

Neut-. 

ft 

5 

3%NaCl 

Water 

Pos... 
Pos... 
Neg... 

840 
120 

? 

? 

do 

760 

'"576' 
570 

8 

do 

Neut. . 

8 

do 

Neut.. 

8 

6 

2%Na2C03.... 
Water 

Pos . . . 
Pos... 

Neg... 

5 
7 

? 

2 

do 

2000 

'2806" 
2800 

8 

do 

Neut.. 

8 

do 

Neut.. 

8 

7 

2%Na2C03.... 
Water 

Pos . . . 
Pos... 

Nee.  - . 

5 
240 

? 

Carbonall,  No.  10 . . . 
Carbonkote,  No.  100. 
Sarco 

2 

do 

120 

"336' 
902 

8 

do 

Neut.. 

8 

do 

Neut . . 

8 

8 

i%H2S04 

Water 

Pos . . . 
Pos . . . 

Neg... 

5 
552 

? 

? 

do 

3144 

iioo' 

1100 

8 

do 

Neut.. 

8 

do 

Neut.. 

8 

9 

2%Na2C03-.- 
Water 

Pos . . . 
Pos... 
Neg... 

72 
1368 

? 

8 

do 

6000 

'isoo' 

2800 

8 

do 

Neut. . 

8 

do 

Neut.. 

8 

10 

i%H2S04.... 

Water 

Pos . . . 
Pos . . . 

Nee. 

312 
0 

? 

AeOnite,  preserva- 
tive paint. 

8 

do 

1752 

""336' 
336 

8 

do 

Neut-. 

8 

do 

Neut.. 

8 

11 

do 

do 

Pos... 
Pos... 
Neg... 

5 
0 

?, 

? 

do 

do 

2952 

"336* 
1208 

8 

Neut-. 

8 

do 

Neut. . 

ft 

a  No  sign  of  current  after  10,000  hours. 
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Name  of  paint 

CO 

§ 

Resis.,  ohms 
per  cm 

Electrolyte 

B 

o 
<u 

too 
« 

1 

Polarity 
of  cone 

Hours  to  failure 

I 

1 

1 

o 

p4 

•0 

0 
m 
M 

1? 

Crysolite,  No.  10.... 

Neponset,     Water- 
dyke  paint. 

No.  107,  H.F.Scott.. 
Insulite 

1 
2 
3 
4 
5 

1 
2 
3 
A 
5 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 

1 
2 
3 
4 

5 

&1 
2 
3 
4 

5 

4 
4 
4 
4 
4 

4 
5 
4 
4 
4 

4 
4 
4 
4 
4 

4 
5 
4 
4 
4 

4 
4 
4 
4 
4 

4 
4 
4 
4 
4 

4 
4 
4 
4 
4 

4 
4 
4 
4 
4 

3 
3 
3 
3 
3 

4 
4 
4 
4 
4 

4 
4 
4 
4 
4 

1.0x109 
6.  6  X  10  9 
>2.0xl0" 
1.1  xlO" 
1.1x10" 

1.2x109 

>2.  0x10" 

1.1x10  9 

3.  5  X  10  7 
9.  2  X  10  8 

1.  Ox  10  10 

2.  2  X  10  9 
1.8x108 

6.  8  X  10  9 
2.  0  X  10  7 

1.0x106 

2.  2  X  10  9 
>2.  0  X  10  " 

4.  2  X  10  7 
1.8x107 

1.5x109 
1.6x109 
1.6x109 

3.  7  X  10  10 

3.  7  X  10  10 

5.  0  X  10  10 
5.6x109 
3.9x109 

>2.  Ox  10  11 
>2.0X10" 

5.  0  X  10  10 
2.5x10  10 
2.  5  X  10  10 
8.  5  X  10  10 
1.0x105 

4.  6  X  10  9 
8.  4  X  10  9 

>2.  0  X  10  " 

2.  5  X  10  7 

4.  3  X  10  7 

7.  2  X  10  9 
7.  2  X  10  9 

5.  6  X  10  9 
>2.  0x10" 
>2.  0  X  10  11 

>2.  Ox  10  11 
>2.  0  X  10  11 

3.  1  X  10  9 
>2.0xl0" 

4.2x109 

4.  0  X  10  6 

Water 

4 

: 

0 
0 

4 
4 
4 
0 
0 

4 
4 
4 
0 
0 

4 
4 
4 
0 
0 

4 
4 
4 
0 
0 

4 
4 
4 
0 
0 

4 
4 
4 
0 
0 

4 
4 
4 
0 
0 

4 
4 
4 
0 
0 

4 
4 
4 
0 
0 

4 

Pos... 
Pos... 

Neg... 

0 
240 

? 

do 

? 

do 

do 

do 

860 

"1366' 

600 

R 

Neut.. 

8 

Neut.. 

8 

n 

do 

Pos . . . 
Pos . . . 
Neg... 

0 
2800 

2 

do 

2 

do 

10000 

1752' 

2376 

8 

do 

Neut.. 

8 

do 

Neut.. 

8 

14 

do 

Pos... 
Pos... 
Neg. . . 

5 
6500 

? 

do 

8 

do 

912 

"912' 
3200 

R 

do 

Neut.. 

R 

do 

Neut.. 

8 

IS 

do 

Pos... 
Pos . . . 

Neg... 

10000 
48 

8 

Bar -OX 

do 

? 

do 

2700 

"336' 
336 

? 

do 

Neut.. 

R 

do 

Neut.. 

R 

ifi 

do 

Pos . . . 
Pos... 

Nee. . . 

3300 
816 

R 

R.I.W.,  No.  5 

Gliddens,  acid  proof 
and  graphite  acid 
proof. 

Hydrex,  preservative 
paint. 

R.  I.  W.,  No.  49, 
over  Tockolith. 

Insulate 

do 

R 

do 

206 

"766' 
1400 

8 

do 

Neut.. 

8 

do 

Neut.. 

8 

17 

do 

Pos... 
Pos... 

Neg... 

1320 
480 

R 

do 

R 

do 

3900 

1466" 
1400 

R 

do 

Neut.. 

R 

do 

Neut.. 

R 

18 

do 

Pos . . . 
Pos . . . 

Neg.. . 

4500 
5300 

8 

do 

R 

do 

2800 

'2880' 
2800 

R 

do 

Neut.. 

R 

do 

Neut.. 

R 

19 

do 

Pos . . . 
Pos . . . 

Neg... 

2600 
816 

R 

do 

R 

do 

2600 

"912' 
912 

R 

do 

Neut.. 

R 

do 

Neut.. 

R 

20 

do. 

do 

Pos . . . 
Pos... 
Neg.. . 

192 
192 

R 

R 

do 

100 

ieoo' 

2000 

R 

do 

Neut.. 

R 

do 

Neut. . 

8 

21 

do 

Pos . . . 
Pos . . . 
Neg.. . 

100 
1586 

8 

Insulator,  Carman . . 

do 

R 

do 

2800 

"{266' 

900 

R 

do 

Neut.. 

R 

do 

Neut.. 

R 

o22 

do.. 

.do 

1 

.  .do i 



1 

...do 1 

■     1 

.....do '.... 

1 

a  Four  holes  eaten  through  cone  in  43  hours.    Ten  specimens  in  all  were  required  to  obtain  one  which 
would  withstand  the  first  test.    All  were  carefully  treated  and  dried  8  weeks. 
b  Nos.  2  to  5  failed  on  80  volts. 
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Name  of  paint 

a 

a 

o 

V 

o. 
CO 

w 

o 
O 

Resis.,  ohms 
per  cm 

Electrolyte 

to 
u 

"S 

I 

Polarity 
of  cone 

Hours  to  failure 

I 

Cfl 

o 

p4 

bO 

•0 
0 

1 

a23 

Damp-proofer,  Car- 
man. 

Crysolite,  No.  8 

Dixon7s  graphite 

S.   P.   C,   flexible 
iron  paint. 

P&B,  No.  2 

P  &  B,  black,  air- 
drying  varnish. 

National,  double  K 
natural     graphite 
paint. 

Des  Moines,  elater- 
ite,  No.  40. 

Des  Moines,  elater- 
ite.  No.  10. 

I.  D.  P.,  steel  paint.. 

bl 
2 
3 
4 
5 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 

4 
4 
4 
4 
4 

4 
4 
4 
4 
4 

5 

4 
4 

4 
4 

4 
4 
4 
4 
4 

4 
4 
4 
4 
4 

4 
4 
4 
4 
4 

4 
4 
4 
4 
4 

4 
4 
4 
4 
4 

4 
4 
4 
4 
4 

4 
4 
4 
4 
4 

1.  2  X  10  8 

Water 

do 1     . 

1     .. 

do 1 

1     _   . 

do \     - 

do 

24 

>2.0xl0" 
7.  0  X  10  8 
1.0x106 

1.  0  X  10  6 
1.0X106 

9. 0  X  10  7 
3.3x108 
1.6x109 
1.6x109 
1.8x108 

1.  2  X  10  8 

2.  3  X  10  7 
1.8x108 
1.0x108 
2.  2  X  10  8 

9.  8  X  10  7 
2.0x108 
2.  0  X  10  7 
2.  9  X  10  8 
1.  0  X  10  < 

do 

4 
4 
4 
0 
0 

4 
4 
4 
0 
0 

4 
4 
4 
0 
0 

4 
4 

4 
0 
0 

4 
4 
4 
0 
0 

4 
4 
4 
0 
0 

4 
4 
4 
0 
0 

4 
4 
4 
0 
0 

4 
4 
4 
0 
0 

Pos... 
Pos... 

Neg... 

150 
1032 

8 

do 

8 

do 

120 

'1632' 

1032 

8 

do 

Neut.. 

8 

do 

Neut.. 

8 

?S 

do 

Pos . . . 
Pos... 

Nag... 

48 
2800 

? 

do 

■ 

?, 

do 

120 

"126' 
120 

8 

&o 

Neut.. 

8 

do 

Neut. . 

8 

?fi 

do 

do 

Pos . . . 
Pos . . . 

Neg 

96 
0 

8 

8 

do 

10000 

"672" 
672 

8 

do 

Neut 

8 

do 

Neut. . 

8 

?7 

do 

Pos . . . 
Pos... 

Neg.. 

6500 
912 

8 

do 

8 

do 

288 

"912" 
912 

8 

do 

Neut.. 

8 

do 

do 

Neut.. 

8 

r?R 

Pos . . . 
Pos . . . 

Neg. . . 

96 
96 

8 

do 

8 

do 

96 

'esoo" 

6500 

8 

do 

Neut.. 

8 

do 

Neut.. 

8 

?<) 

4.  0  X  10  8 
3.  4  X  10  8 
3.  4  X  10  8 
3.  4  X  10  8 

3.  4  X  10  8 

2.  7  X  10  8 
2.  2  X  10  8 

1.  8  X  10  8 
6.  0  X  10  7 

4.  0  X  10  8 

9.  7  X  10  8 

2.  1  X  10  7 
4.  0  X  10  6 
1.  8  X  10  7 
9.  7  X  10  6 

4.  0  X  10  6 
6.  5  X  10  7 
6.  0  X  10  7 

5.  7  X  10  7 
1.0xl0« 

do 

Pos . . . 
Pos . . . 
Neg. . . 

10000 
10000 

8 

do 

8 

do 

912 

"912" 
912 

8 

do 

Neut.. 

8 

do 

Neut. . 

8 

30 

do 

Pos . . . 
Pos . . . 

Neg... 

10000 
10000 

8 

do 

8 

do 

120 

'2446" 
2000 

8 

do 

Neut.. 

?. 

do 

Neut.. 

8 

31 

do 

Pos . . . 
Pos . . . 

Neg. . . 

120 
3300 

8 

do 

8 

do 

120 

96 

8 

do 

Neut.. 

8 

do 

Neut.. 

8 

3? 

do 

do 

Pos . . . 
Pos . . . 

Neg.. . 

120 
120 

8 

I 

8 

do 

120 

96 

96 

3112 

8 

do 

Neut.. 

8 

do 

Neut.. 

8 

Av.= 

1647 

—2900 

o  Five  holes  eaten  through  cone  in  48  hours.    Ten  specimens  in  all  were  required  to  obtain  one  which 
would  withstand  the  first  test.    All  were  carefully  treated  and  dried  8  weeks 
b  Nos.  2  to  5  failed  on  80  volts, 
c  Resistance  very  low,  about  1,000  ohms. 


22  Technologic  Papers  of  the  Bureau  of  Standards 

The  general  appearance  of  the  data  under  the  columns  '*  Hours 
to  failure,"  which  is  of  course  the  most  important,  indicates  that 
a  paint  is  not  to  be  depended  upon  as  a  preventive  of  electrolysis 
in  the  presence  of  moisture,  even  though  the  voltage  between  the 
pipes  and  earth  be  only  4  volts.  Here  and  there  an  individual 
specimen  appears  which  seems  to  have  withstood  the  action  of  the 
water  for  a  considerable  period  of  time,  and  in  coating  No.  4  only 
one  of  the  four  specimens  has  been  broken  down  after  a  little  more 
than  a  year.  It  may  be  said  of  No.  4,  therefore,  that  it  gives  far 
greater  promise  of  good  results  in  practice  than  any  of  the  others. 

The  average  of  the  hours  to  failure  seems  to  indicate  that 
positive  specimens  lose  their  insulating  power  first,  with  negative 
specimens  second,  and  those  not  subjected  to  a  difference  of 
potential  third;  but  the  differences  are  too  small  to  be  conclusive 
on  this  point.  On  the  contrary,  an  examination  of  the  data, 
specimen  by  specimen,  shows  quite  clearly  that  the  low  electric 
stress  applied  had  very  little  effect  toward  reducing  the  insulation 
resistance  of  the  paint.  The  time  of  the  breakdown  evidently 
depends  more  upon  characteristics  of  the  individual  specimens 
than  on  the  action  of  the  water.  The  manner  in  which  failure  of 
the  coating  occurred  depended  upon  the  direction  of  current  flow. 

The  anode  specimens  showed  rust  spots  at  the  places  where  the 
breakdown  first  took  place.  These  rust  spots  would  grow  to 
craters  in  some  places  if  the  paint  coating  was  brittle  and  easily 
broken,  or  bubbles  would  form  if  the  coating  was  elastic.  The 
removal  of  this  crater  or  bubble  would  reveal  a  pit  filled  with  iron 
rust,  the  pits  in  time  extending  clear  through  to  the  sheet  iron. 
The  cathode  specimens  failed  in  an  entirely  different  way.  No 
rusting  of  the  iron  occurred  under  the  paint  coating,  but  gas  was 
liberated,  which  lifted  the  film  until  a  blister  was  formed  which 
would  sometimes  break  and  leave  a  large  area  of  iron  exposed. 
These  forms  of  failure  are  illustrated  in  Fig.  5,  the  specimen  on 
the  right  being  the  anode  specimens,  while  the  one  on  the  left  is  a 
cathode  specimen.  The  specimens  having  no  electromotive  force 
applied  showed  no  deterioration  of  the  coating  which  was  visible 
to  the  eye,  except  in  one  or  two  cases  where  the  paint  blistered 
somewhat,  as  it  did  when  the  specimens  were  made  cathode. 
Coating  No.  6  showed  this  type  of  failure  in  the  greatest  degree. 
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Fig.  5. — Showing  characteristic  failure  of  paint  coatings 


Fig.  6. — Showing  pittings  on  coated  pipes 
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It  is  evident  from  the  rapid  failure  of  practically  all  of  these 
coatings  that  they  can  not  be  depended  upon  even  for  a  few 
months  effectually  to  protect  buried  pipes  from  electrolysis  due  to 
stray  currents. 

The  tests  on  pipes  covered  with  dips  and  wrappings  show  some- 
what more  favorable  results.     The  data  on  these  tests  are  given  in 

the  following  table : 

TABLE  2 

Tests  of  Pipe  Wrappings,  Dips,  Etc.,  as  Insulating  Coatings 

[Water  served  as  elec±rolyte  in  all  cases.    Voltage=  15  except  in  i-i  and  4-1  where  V==4,  and  also  206  to  225I 


Coating 

Material 

Layers  or 
dippings 

Speci- 
men 

Polarity  of  cone 

Hours  to  failure 

Positive 

Negative 

1 

Neponset  water-dyke  felt  and  com- 
pound 

do 

Slayers 

2  layers 

1  layer 

3  layers 

2  layers 

1  layer 

3  layers 

2  layers 

3  layers 

1 
2 
3 
4 
5 
9 
10 
11 
12 
17 
18 
19 
20 
25 
26 
27 
28 
29 
33 
34 
35 
36 
41 
42 
43 
44 
49 
50 
51 
52 
57 
58 
59 
60 

Positive 

do 

9200 
5040 
6000 

do 

Negative 

2160 

do 

9200 

2 

Positive 

do 

7600 
4200 

do 

Negative 

3600 

do 

10000 

3 

Positive 

do 

10000 
10000 

Hydrex  felt  and  compound 

Negative 

3100 

do 

4200 

4 

Positive 

do 

16000 

14700 

O14000 

do 

do 

Negative 

3200 

do 

5000 

5 

do 

2000 

do 

do 

2900 

Positive 

do 

10000 
10000 

6 

Negative 

3040 

Pitch  and  burlap 

do 

2000 

Positive 

do 

10000 

3800 

14700 

7 

do 

do 

Negative 

4300 

8 

Positive 

Negative 

5700 

Barrett  specification  pitch  and  tar 
paper 

5000 

9 

Positive 

do 

3500 
4800 

Negative 

3900 

do 

2100 

o  No  failure  after  the  given  number  of  hours. 
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Coating 


Material 


Layers  or 
dippings 


Speci- 
men 


Polarity  of  cone 


Hours  to  failure 


Positive     Negative 


10. 


11. 


12. 


13- 


14. 


15 


16. 


17. 


18. 


19. 


20. 


21. 


Barrett  specification  pitch  and  tar 
paper 


.do. 


Barrett  pitch  (sample  1)  and  muslin 


Barrett  pitch  (sample  2)  and  muslin 


Barrett  pitch  (sample  3)  and  muslin 


Barrett  pitch  (sample  4)  and  muslin 


Sarco-mineral  rubber-pipe  dip  and 
muslin 


.do. 


.do. 


-do. 


Mogul   repairing   compound    and 
muslin 


.do- 


2  layers 


1  layer. 


3  layers. 


-do. 


.do. 


.do. 


4  layers. 


3  layers. 


2  layers. 


1  layer. 


2  layers. 


1  layer. 


o  No  failure  alter  the  given 


65 

66 

67 

68 

73 

74 

75 

76 

81 

82 

83 

84 

89 

90 

91 

92 

97 

98 

99 

100 

105 

106 

107 

108 

113 

114 

115 

116 

121 

122 

123 

124 

129 

130 

131 

132 

137 

138 

139 

140 

145 

146 

147 

148 

154 

155 

156 

157 

number  of 


Positive.. 
do... 

Negative. 
do... 

Positive.. 
do... 

Negative. 
do... 

Positive.. 
do... 

Negative. 
do... 

Positive.. 
do... 

Negative. 
do... 

Positive.. 
do.... 

Negative. 
do.... 

Positive. . 
do.... 

Negative. 
do... 

....do.... 

....do.... 

Positive.. 

....do.... 

Negative. 

....do.... 

Positive.. 

....do.... 

Negative. 

....do.... 

Positive.. 

....do.... 

Negative. 

....do.... 

Positive.. 

....do.... 

....do.... 

....do.... 

Negative. 

...do.... 

Positive.. 

...do.... 
Negative. , 
do.... 

hours. 


2100 
2100 


3400 
3400 


12500 
3400 


12500 
12500 


4400 
4400 


12000 
a  12000 


10000 
10000 


10000 
2100 


300 
2900 


300 
2100 
1600 
1600 


768 
1600 


720 
720 


552 
48 


3900 
3900 


5500 
3400 


1400 
3000 


a  12000 

12000 

2100 

2100 


1400 
336 


1200 
300 


2100 
300 


1600 
1000 


1600 
1000 
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Coating 

Material 

Layers  or 

dippings 

^>eci- 
men 

Polarity  of  cone 

Hours  to  failure 

Positive 

Negative 

22 

S.  P.  Co.  cold  cementing  compound 
and  treated  burlap 

do 

3  layers 

2  layers 

1  layer 

3  layers 

2  laj^rs 

1  layer 

2  dippings.. 
do 

162 
163 
164 
165 
170 
171 
172 
173 
178 
179 
180 
181 
186 
187 
188 
189 
194 
195 
196 
197 
202 
203 
204 
205 
206 
207 
208 
209 
210 
211 
212 
213 
214 
215 
216 
217 
218 
219 
220 
221 
222 
223 
224 
225 
226 
227 
228 
229 

Positive 

do 

7200 
07200 

Negative 

7200 

do 

7200 

23 

Positive 

do 

07200 
7200 

do 

Negative 

480 

do 

7200 

24 

Positive 

do 

07200 
07200 

S.   P.   Co.  cementing  compound 
(grade  A)  and  treated  burlap 

do - 

Negative 

7200 

do 

0  7200 

25 . 

Positive 

do 

07200 
07200 

Negative 

a  7200 

do 

o  7200 

26 

Positive 

do 

07200 
07200 

do 

Negative 

0  7200 

do 

a  7200 

27 

Positive 

do 

07200 
7200 

Sarco-mineral  rubber-pipe  dip 

Barrett  pitch  (sample  1) 



Negative 

0  7200 

do 

7200 

28 

Positive 

do 

24 
5 

96 

9000 

0 

0 

do 

do 

29 

do 

Barrett  pitch  (sample  2) 

do 

do 

Negative 

360 

do 

0 

30 

Positive 

do 

336 
0 

Barrett  pitch  (sample  3) 

Barrett  pitch  (sample  4) 

do 

do 

Negative 

0 

do 

1056 

31 

Positive 

do 

672 
4400 

Negative 

1680 

do 

4400 

32 

Positive 

do 

0 
6000 

Minwax  and  cloth 

2  layers 

Negative 

672 

do 

336 

33 

Positive 

do 

0  3192 
0  3192 

Negative 

0  3192 

do 

0  3192 

°  No  failure  after  the  given  number  of  hours. 
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It  is  seen  from  this  table  that  82  per  cent  of  the  total  number 
of  specimens  under  test  had  failed  after  the  tests  had  been 
in  progress  about  7200  hours.  Coatings  Nos.  25,  26,  and  33 
seem  to  remain  intact,  but  they  were  among  the  last  ones  put  in 
circuit,  so  their  behavior  had  not  been  definitely  determined 
when  it  became  necessary  to  discontinue  the  tests.  No.  27, 
however,  which  is  of  the  same  material  as  25  and  26,  shows  two 
individual  specimens  which  have  broken  down.  These  are  of 
one  layer  of  compound  and  burlap,  and  it  seems  reasonable  to 
say  that  they  forecast  the  future  behavior  of  the  others  of  the 
same  material,  but  having  a  greater  number  of  coatings.  The 
results  taken  as  a  whole  do  not  indicate  that  the  life  of  insulating 
coatings  of  this  character  can  be  expected  to  be  more  than  two 
or  three  years,  even  when  carefully  put  on  the  pipes  and  buried 
in  perfect  condition;  in  most  cases  failure  may  be  expected  to 
occur  within  a  few  months. 

The  attempts  to  dip  specimens  appear  to  have  yielded  very 
poor  results,  and  it  is  questionable  whether  coating  pipes  in  this 
way  is  any  better  than  painting.  The  manner  of  failure  of  the 
coatings  was  similar  to  that  of  the  paint  coatings  described  above. 
Failure  of  the  covering  was  much  slower  than  in  the  case  of  the 
paint  coatings  after  the  first  appearance  of  current  flow.  This 
is  probably  due  to  the  greater  thickness  and  rigidity  of  the  coatings. 

The  characteristic  failure  of  the  coating  is  very  strikingly 
shown  in  Fig.  5.  Explanation  of  the  phenomenon  lies  in  the 
fact  that  none  of  the  paints  tested  are  absolutely  impervious  to 
moisture,  and  when  they  are  brought  into  the  presence  of  water 
a  slight  trace  of  moistiu-e  ultimately  permeates  the  coating. 
When  this  occurs  at  any  point  the  coating  becomes  slightly  con- 
ducting, and  if  an  electromotive  force  is  applied,  a  trace  of  current 
flows;  this  gives  rise  to  slight  electrolysis,  which  is  accompanied 
by  the  formation  of  more  or  less  gas  beneath  the  coating. 

As  a  rule  much  more  gas  is  formed  if  the  iron  surface  is  cathode 
than  if  anode,  so  that  when  current  once  begins  to  flow  the  forma- 
tion of  craters  or  bubbles  in  the  coating  takes  place  more  rapidly 
if  the  iron  be  negative  than  if  it  be  positive.  As  this  gas  increases 
in  volume  and  expands,  the  coating  is  ruptured,  after  which  the 
current  flow  is  greatly  increased  at  the  point  of  breakdown;    in 
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case  the  pipes  are  positive  rapid  electrolysis  of  the  exposed  por- 
tion follows.  In  some  cases  if  the  coating  is  sufficiently  porous 
to  permit  the  gases  to  escape  they  remain  intact  and  electrolysis 
may  continue  beneath  the  coating,  eating  through  the  metal  with 
little  or  no  superficial  evidence  of  failure  of  the  paint.  This 
phenomenon  is  frequently  observed  in  pipes  in  actual  practice. 

The  vital  weakness  of  all  paints  and  wrappings  thus  far  tested 
is  due  to  the  fact  that  they  are  not  Entirely  nonabsorbent.  If  a 
paint  could  be  secured  which  is  absolutely  impervious  to  soil 
moisture  and  which  would  remain  so  for  an  indefinite  period  of 
time,  it  would  prove  an  effective  preventive  of  electrolysis;  all 
efforts  to  produce  such  paint  should  be  directed  to  this  one  end 
of  making  it  absolutely  and  permanently  moisture  proof. 

A  considerable  number  of  tests  were  also  made  on  wrapped 
pipes  btuied  in  earth.  A  number  of  these  pipes  were  coated  by 
a  method  in  use  by  a  gas  company  in  a  large  western  city,  and 
the  specimens  actually  tested  were  supplied  by  the  company  in 
question.  A  considerable  number  of  others  were  supplied  by  a 
large  manufacturer  of  iron  and  steel  pipe,  the  coatings  having 
been  put  on  primarily  for  the  purpose  of  reducing  soil  corrosion. 
When  the  pipes  were  removed  from  the  earth  after  the  test  and 
the  wrappings  stripped  off  they  were  found  to  be  covered  with 
rust  spots  and  here  and  there  were  pits  of  considerable  depth. 
An  illustration  of  these  pits  is  given  in  Fig.  6.  The  pipe  longest 
in  the  ground  had  been  btuied  about  one  and  a  half  years,  and 
in  that  time  pits  were  formed  extending  almost  through  the 
iron.  The  currents  were  not  large,  but  the  high-current  densities 
resulting  from  the  local  failure  of  the  coating  resulted  in  very 
rapid  corrosion  of  the  iron  wherever  a  failure  occurred.  The  test 
voltage  on  these  buried  pipes  was  about  4>^  volts,  a  voltage  of  the 
order  of  magnitude  frequently  encountered  in  practice. 

The  protection  of  pipes  by  laying  them  in  conduit  filled  with 
pitch  would  appear  to  be  effective  for  a  much  greater  length  of 
time,  and  in  special  cases  this  method  would  be  useful;  but  the 
expense  would  be  high  if  used  on  a  large  scale,  and  at  present  it 
appears  very  questionable  whether  or  not  the  protection  secured 
would  be  worth  the  cost.  A  large  amount  of  work  needs  to  be 
done  in  this  direction  before  definite  results  on  this  subject  will 
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be  available.  As  far  as  paints,  dips,  and  wrappings  are  con- 
cerned, however,  there  can  be  no  question  but  that  as  they  are 
at  present  applied  they  are  not  only  of  no  value  when  applied 
only  in  the  positive  areas,  but  they  may  do  actual  harm  by  con- 
centrating the  current  discharge  on  a  comparatively  small  por- 
tion of  the  pipe  surface,  thus  giving  rise  to  rapid  pitting.  On  the 
other  hand,  such  coatings  are  unquestionably  of  great  value  in 
preventing  self -corrosion  in 'the  case  of  pipes  not  subject  to  elec- 
trolysis from  stray  currents. 

Further,  in  cities  where  electrolysis  is  taking  place,  if  such 
coatings  are  placed  on  the  pipes  in  the  negative  or  neutral  areas, 
they  would  not  only  protect  against  self -corrosion,  but  owing  to 
the  increased  resistance  between  pipes  and  earth  the  ciurent 
which  would  be  picked  up  by  the  pipes  would  be  greatly  reduced, 
and  electrolysis  in  the  remote  positive  areas  would  be  corre- 
spondingly reduced.  It  may  be  said,  therefore,  that  such  coat- 
ings should  never  be  used  in  the  positive  districts  where  the 
pipes  tend  to  discharge  current  into  the  earth;  but  they  may,  if 
circumstances  justify,  be  applied  in  the  neutral  or  negative  areas. 
However,  for  reasons  pointed  out  later  in  this  report,  such  protec- 
tion from  electrolytic  corrosion  as  might  be  obtained  by  the  use 
of  these  coatings  in  negative  areas  should  be  regarded  as  of  an 
auxiliary  character,  to  be  ultimately  superseded  by  more  effective 
mitigative  measures  along  the  lines  suggested  in  a  later  part  of 
this  paper. 

2.  CHEMICAL  PROTECTION 

The  corrosion  of  iron  due  to  discharge  of  electric  current  is 
dependent  not  alone  on  the  amount  of  the  ciurent  discharge, 
but  also  to  a  very  large  extent  on  the  chemical  natiu'e  of  the 
medium  into  which  the  discharge  takes  place  and  on  a  number 
of  other  factors.  The  results  of  a  great  many  experiments  car- 
ried out  by  the  Bureau  of  Standards  ^  show  that  in  case  of  ordi- 
nary street  soils  the  amount  of  corrosion  of  iron  per  ampere  hour 
varies  considerably  with  the  chemical  composition  of  the  soil 
and  also  with  the  physical  properties  of  the  soil,  such  as  moisture 
content,  temperature,  density,  etc. 

•  Burton  McCoUum  and  K.  H.  Logan,  "Electrolytic  Corrosion  of  Iron  in  Soils,"  Technologic  Paper  No.  25. 
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Certain  chemicals,  as,  for  example,  soluble  hydroxides,  tend  to 
render  iron  passive — that  is,  prevent  the  corrosion  of  iron  when  it 
is  made  anode — whereas  other  chemicals,  particularly  the  chlorides 
and  sulphates,  have  the  opposite  tendency.  Partly  as  the  result 
of  such  opposing  tendencies  the  "coefficient  of  electrolytic  cor- 
rosion," or  amount  of  corrosion  of  the  iron  which  actually  takes 
place  in  a  given  soil  expressed  as  a  fraction  of  the  theoretical 
amount,  according  to  Faraday's  law,  varies  between  wide  limits. 
Moderately  strong  solutions  of  sodium,  potassium,  or  calcium 
hydroxides  alone  will  entirely  prevent  the  corrosion  of  the  iron 
by  electric  currents,  and  attempts  have  been  made  to  prevent 
electrolysis  under  practical  conditions  by  this  means.  Sodium 
and  potassium  hydroxides  are  obviously  not  well  suited  for  this 
purpose  because  of  their  great  solubility,  which  would  cause 
them  to  diffuse  and  disappear  very  quickly.  Calcium  hydroxide 
or  ordinary  hydrated  lime  is  much  less  soluble,  and  a  soil  thoroughly 
saturated  with  lime  will  remain  so  for  a  considerable  length  of  time 
unless  soil  conditions  are  such  that  an  abnormal  amount  of  seepage 
occurs.  This  material  has  therefore  been  used  in  the  attempts 
that  have  been  made  to  prevent   electrolysis  by  this    method. 

We  have  found,  however,  that  while  a  saturated  solution  of 
lime  will,  when  practically  pure,  completely  prevent  electrolysis 
with  ordinary  current  densities,  it  loses  its  power  entirely  when 
mixed  with  any  considerable  amounts  of  certain  salts,  such  as 
chlorides,  sulphates,  carbonates,  etc.,  which  occur  to  a  greater  or 
less  extent  in  practically  all  soils,  and  which  always  tend  to  con- 
centrate about  an  electrode  discharging  current  into  the  soil. 
The  protection  afforded  to  pipes  by  laying  them  in  lime,  therefore, 
is  of  a  transient  character,  and  with  the  diffusion  of  the  earth 
salts  into  the  lime  its  protective  property  ultimately  disappears. 
The  temporary  protection  afforded  by  this  means  is  too  short  lived 
to  justify  the  expense  of  its  application,  except,  perhaps,  in  very 
special  cases  where  conditions  are  peculiarly  suited  to  its  use. 

3.  CEMENT  COATINGS 

Cement  coatings  have  been  used  on  pipes  for  many  years,  and 
the  claim  has  been  made,  and  is  still  made,  by  certain  manufac- 
turers of  cement-lined  and  cement-coated  pipes  that  their  product 
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is  immune  from  electrolysis.  In  so  far  as  we  have  been  able  to 
observe,  however,  in  all  those  cases  in  which  these  pipes  have 
withstood  moderately  severe  electrolysis  conditions  without  injury 
for  any  considerable  length  of  time  the  pipes  have  also  been  laid 
with  cement  joints,  and  it  appears  certain  that  the  immunity  which 
has  been  claimed  for  these  pipes  has  been  due  to  the  high  resistance 
joints  rather  than  to  the  cement  coatings.  This  conclusion  is 
borne  out  by  the  results  of  tests  which  we  have  made  on  experi- 
mental lines  of  these  cement-covered  pipes  on  the  grounds  of  the 
Bureau  of  Standards.  Two  experimental  lines  of  these  pipes  were 
laid  20  feet  apart,  one  being  laid  with  calked  lead  joints  and  the 
other  with  cement  joints.  These  were  subjected  to  identical  con- 
ditions, such  as  would  under  ordinary  conditions  give  rise  to  con- 
siderable electrolysis.  After  about  two  years  excavation  revealed 
the  fact  that  the  line  having  lead  joints  had  already  suffered  con- 
siderably from  electrolysis,  while  the  one  having  cement  joints 
showed  practically  no  evidence  of  trouble. 

From  theoretical  considerations  we  might  expect  that  a  cement 
covering  would  exert  a  temporary  protective  influence,  since  the 
cement  contains  a  considerable  amount  of  lime,  and,  as  pointed 
out  above,  this  has  a  tendency  to  prevent  corrosion  of  the  iron. 
In  fact  we  have  repeatedly  demonstrated  that  iron  pipes  em- 
bedded in  cement  and  kept  free  from  contaminating  influences 
will  not  corrode  to  any  great  extent,  even  when  discharging  cur- 
rent at  densities  which  are  usually  found  in  the  case  of  under- 
ground pipes  in  practice.  When,  however,  a  pipe  is  covered  with 
a  layer  of  cement  an  inch  or  so  in  thickness  and  buried  in  the 
earth,  it  requires  but  a  comparatively  short  time  for  the  earth 
salts  to  diffuse  into  the  cement,  particularly  if  the  pipes  be  dis- 
charging currents  into  the  earth.  This  migration  of  the  negative 
ions  into  the  cement  is  due  largely  to  the  flow  of  electric  current, 
the  negative  ions  migrating  in  all  cases  in  the  opposite  direction 
from  that  in  which  the  current  is  flowing. 

As  a  result  of  this  entrance  into  the  cement  of  the  acid  radicals 
contained  in  the  soil,  the  protective  effect  of  the  calcium  hydroxide 
is  in  time  destroyed. 

It  has  been  claimed  by  some  that  the  resistance  of  a  cement 
coating  is  enough  higher  than  the  resistance  of  earth  to  bring 
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about  a  material  reduction  in  the  current  flow  to  and  from  the 
pipes.  Our  experiments  regarding  this  point  do  not,  however, 
bear  out  this  claim.  We  have  found  that  the  specific  resistance 
of  water-soaked  cements,  mortars,  and  concrete  will  vary  as  a 
rule  from  2,000  to  8,000  ohms  per  centimeter  cube,  which  is  but 
little  greater  than  the  average  specific  resistance  of  a  large  number 
of  samples  of  soil  obtained  from  a  number  of  widely  scattered 
cities  throughout  the  country.  Further,  experiments  described, 
in  Technological  Paper  No.  18  of  the  Bureau  of  Standards  show 
that  if  a  small  amount  of  corrosion  occurs  under  the  cement  coat- 
ing the  expansive  forces  which  develop  will  shortly  cause  cracking 
and  splitting  off  of  the  cement.  We  are,  therefore,  convinced 
that  the  protective  effect  of  cement  coatings,  like  that  obtained  by 
burying  pipes  in  lime,  is  but  a  temporary  one  and  can  not  be 
seriously  considered  as  a  practical  means  of  permanent  electrolysis 

mitigation. 

4.  CATHODIC  PROTECTION 

Since  corrosion  of  pipes  occurs  only  where  the  current  flows  from 
the  pipes  into  the  earth,  it  is  obvious  that  if  we  could  devise  some 
means  of  always  maintaining  the  pipes  negative  to  the  earth  at  all 
points  of  the  system  electrolysis  could  not  occur.  A  great  many 
attempts  have  been  made  to  utilize  this  principle,  and  a  number  of 
patented  methods  of  electrolysis  prevention  are  based  upon  it. 

Broadly  speaking,  the  principle  of  cathodic  protection  involves 
also  another  factor  in  addition  to  keeping  the  current  always  flow- 
ing toward  the  pipes.  In  some  systems  where  this  protection  has 
been  proposed,  efforts  have  been  made  to  produce  and  maintain  a 
passive  state  of  the  iron  by  the  production  and  concentration  of 
alkali,  which,  under  certain  circumstances,  takes  place  at  a  cathodic 
surface.  One  method  that  has  been  proposed  for  accomplishing 
this  consists  essentially  in  impressing  an  unsymmetrical  alternating 
cinrent  on  the  pipe  system  in  such  a  way  as  to  make  the  average 
unidirectional  current  approximately  zero.  Under  certain  soil 
conditions  this  alternating  current  will  produce  a  strong  hydroxide 
solution  in  the  soil  adjacent  to  the  pipes,  which  would  tend  to 
produce  a  passive  condition  of  the  iron,  tending  to  protect  it  from 
corrosion. 
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The  objections  to  this  latter  system  are  several.  In  the  first 
place  the  apparatus  required  for  automatically  maintaining  a 
proper  unsymmetrical  alternating  current  flow  into  the  pipes 
involves  considerable  complication  and  expense.  In  the  second 
place  it  is  only  under  certain  soil  conditions  that  a  sufficient  amount 
of  alkali  could  be  produced  to  induce  the  passive  state  in  the  iron, 
and  consequently  in  most  cases  protection  by  this  method  would 
not  be  had.  In  the  third  place  even  if  those  conditions  under 
which  strong  alkalinity  in  the  soil  could  be  produced,  a  serious 
danger  would  be  introduced  because  of  the  tendency  of  such  alka- 
line soils  to  attack  lead  service  pipes  forming  a  part  of  the  system, 
or  the  lead  sheaths  of  power  and  telephone  cables.  We  have  no 
hesitation  in  saying  that  the  system  would  not  only  be  ineffective 
in  most  cases  but  would  actually  become  a  menace  in  others,  and 
it  is  therefore  not  to  be  considered  seriously  as  a  means  of  elec- 
trolysis mitigation. 

Another  method  of  applying  cathodic  protection,  and  the  one 
most  commonly  thought  of  when  such  protection  is  proposed, 
consists  in  connecting  a  low-voltage  generator  between  the  pipe 
system  to  be  protected  and  the  adjoining  rails  in  each  positive 
area,  and  so  exciting  this  generator  as  to  maintain  the  pipes  always 
at  a  lower  potential  than  the  rails.  This  is  very  closely  related  to 
certain  forms  of  the  common  pipe-drainage  system  described  below 
and  possesses  all  of  the  disadvantages  of  the  latter  together  with 
the  additional  drawbacks  of  extra  expense  and  complication.  At 
the  same  time  it  appears  to  offer  no  material  advantage  over  the 
usual  types  of  pipe-drainage  system. 

A  patented  modification  of  the  above  method  that  has  been 
developed  abroad  consists  in  substituting  a  large  metallic  electrode 
buried  in  the  earth  for  the  tracks  as  the  positive  electrode,  the 
pipe  system  being  as  before  maintained  negative  to  earth.  This 
plan  of  substituting  a  buried  electrode  for  the  tracks  as  the  positive 
terminal  has  two  marked  disadvantages,  namely,  the  increased 
cost  of  providing  the  electrode  and  the  relatively  small  radius  of 
the  protected  zone.  Experiments  carried  out  by  us  show  that 
the  extent  of  the  region  protected  depends  very  much  on  the  size 
of  the  buried  positive  electrode  and  also  to  a  large  extent  on  its 
position  with  respect  to  the  pipe  system. 
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Figure  7  shows  in  diagrammatic  form  a  layout  of  experimental 
pipe  lines  used  for  studying  this  problem.  Two  parallel  pipe  lines 
{D  and  E,  Fig.  7)  were  buried  about  20  feet  apart,  one  of  4-inch 
cast-iron  pipe  and  the  other  a  3 -inch  steel  pipe.  Between  these 
pipe  lines  a  5 -volt  battery,  F,  was  connected  in  such  a  way  as  to 
make  the  cast-iron  pipe  positive,  so  that  it  would  tend  to  discharge 
ciurent  into  the  earth  and  thence  to  the  steel  pipe.  A  motor 
generator  set  was  then  connected  between  the  pipe  line  D  and 
one  of  the  small  buried  electrodes  A,  B,  C,  the  connection  being 
such  as  to  cause  current  to  flow  from  the  buried  electrode  A, 
for  example,  into  the  earth  and  thence  into  the  pipe  line  D. 
It  will  be  seen,  therefore,  that  the  small  5 -volt  battery  F  tends 
to  cause  current  flow  from  the  pipe  line  D  into  the  soil;  whereas 
the  motor  generator  set  G  tends  to  cause  current  to  flow  into  the 
pipe  line  D.  The  motor  generator  set,  therefore,  tends  to  protect 
the  pipe  line  D  from  corrosion  by  the  current  from  the  battery  F, 
and  if  the  protective  tendency  of  the  motor  generator  set  could 
be  made  everywhere  sufliciently  great,  it  would  entirely  prevent 
corrosion  of  the  protected  pipe. 

In  order  to  determine  to  what  extent  such  protective  tendency 
existed,  careful  exploration  was  made  throughout  a  considerable 
length  of  the  pipe  line  D  in  order  to  ascertain  to  what  points  and 
to  what  extent  it  was  discharging  current  into  the  earth  under 
various  connections  of  the  protecting  motor  generator  set  G. 
In  order  to  make  these  explorations  a  series  of  holes  H  were 
drilled  in  the  ground  immediately  beside  the  pipe  line  D.  These 
holes  were  drilled  in  pairs  to  the  same  depth  as  that  of  the  pipe. 
One  hole  of  each  pair  terminated  immediately  beside  the  pipe 
and  the  other  about  a  foot  farther  away.  With  suitable  non- 
polarizable  electrodes  the  potential  difference  between  the  bottoms 
of  the  holes  of  each  pair  could  be  measured,  and  this  was,  of  course, 
proportional  to  the  surface  intensity  of  the  current  discharged 
from  the  pipe  siuiace  assuming  uniform  soil  resistance  throughout, 
which  was  substantially  the  case.  By  measuring  the  potential 
difference  between  the  bottoms  of  the  different  pairs  of  holes  we 
could  then  plot  a  curve  showing  the  intensity  of  the  current 
discharged  along  the  length  of  the  pipe. 
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A  series  of  such  measurements  were  first  made  with  the  motor 
generator  set  connected  between  the  buried  pipe  Hne  D  and 
the  buried  electrode  A.  The  motor  generator  set  was  then  con- 
nected between  D  and  the  buried  electrode  B,  and  the  series  of 
measurements  on  all  the  holes  repeated,  after  which  a  similar  series 
of  measurements  was  made  with  the  motor  generator  set  con- 
nected between  D  and  C.  The  results  of  these  measurements  are 
plotted  in  curves  shown  in  Fig.  8,  shown  on  the  same  sheet,  both 
figures  being  drawn  to  the  same  scale.  In  this  figure  curve  D 
shows  the  potential  difference  between  the  bottoms  of  the  test 
holes  when  the  motor  generator  G  was  disconnected  entirely — 
in  other  words,  when  there  was  no  tendency  whatever  to  protect 
the  pipe  line  D  from  corrosion.  The  ordinates  of  this  curve  show 
roughly,  the  relative  danger  of  corrosion  of  the  pipe  at  any  point 
along  its  length,  and  it  will  be  seen  that  the  pipe  is  positive 
throughout.  The  motor  generator  set  was  then  connected 
between  the  pipe  line  D  and  the  buried  electrode  C,  which  was 
buried  at  a  distance  of  40  inches  from  the  pipe  line  D. 

It  was  found  necessary  in  the  preliminary  experiments  to  impress 
about  50  volts  from  the  motor  generator  set  in  order  to  get  any 
appreciable  amount  of  protection  even  in  the  immediate  vicinity 
of  the  buried  anode,  and  this  voltage  was  therefore  maintained 
throughout  the  test.  With  the  50  volts  impressed  between  the 
anode  C  and  the  pipe  line  the  series  of  potential  measurements 
between  the  bottoms  of  the  test  holes  gave  the  curv^e  C.  It  will 
be  seen  that  in  the  immediate  vicinity  of  the  buried  anode  there 
is  a  marked  reversal  of  polarity,  the  pipe  being  strongly  negative 
to  earth  for  a  distance  approximately  equal  to  the  length  of  the 
anode. 

As  we  proceed  along  the  pipe,  however,  the  negative  condition 
of  the  pipe  diminishes  with  great  rapidity,  and  at  a  distance  of 
about  4  feet  from  the  end  of  the  buried  anode  it  will  be  seen  that 
the  pipe  has  become  positive,  and  as  we  proceed  farther  away 
from  the  anode  along  the  pipe  we  find  that  the  pipe  becomes  more 
and  more  strongly  positive  to  the  soil  until  at  a  distance  of  about 
20  feet  from  the  buried  anode  the  potential  of  the  pipe  against 
the  earth  is  practically  the  same  as  it  was  without  the  motor 
generator  connected  to  the  anode.     The  remaining  length  of  the 
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pipe  as  far  as  explored  was  in  practically  the  same  condition. 
The  motor  crenerator  set  was  then  connected  between  the  pipe 
line  7^  to  the  buried  anode  B,  which  was  located  at  a  distance  of 
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8o  inches  from  the  pipe  line  7),  or  twice  as  far  as  anode  C.  The 
series  of  potential  measurements  was  then  repeated  and  the  data 
plotted  as  curve  B. 
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It  will  be  seen  here  that  the  negative  condition  of  the  pipe  D 
immediately  opposite  the  buried  electrode  is  less  pronounced 
than  in  the  case  where  the  electrode  is  buried  nearer  the  pipe, 
but  the  negative  condition  persists  for  a  greater  distance  along 
the  pipe  line  to  be  protected,  in  this  case  the  pipe  line  remaining 
negative  to  earth  for  a  distance  of  about  18  feet.  Throughout  its 
remaining  length  the  pipe  was  positive  to  earth,  although  its 
positive  condition  was  much  less  pronounced  than  in  the  case 
of  the  unprotected  pipe.  The  motor  generator  set  was  next  con- 
nected between  the  pipe  line  D  and  the  buried  anode  A,  which 
was  located  about  160  inches  from  the  pipe  line,  or  four  times  as 
far  as  the  anode  C.  Potential  measurements  taken  in  the  bot- 
toms of  the  test  holes  under  this  condition  are  plotted  as  curve 
A.  Here  it  will  be  seen  that  the  extent  of  the  protected  zone  is 
greatly  increased,  the  pipe  line  remaining  more  or  less  negative 
to  earth  for  a  distance  of  more  than  50  feet,  beyond  which  it 
became  positive,  and  consequently  very  little  protection  could 
be  expected  beyond  a  hundred  feet  or  so  from  the  buried  electrode. 
'  It  appears  from  these  tests  that  making  a  pipe  system  negative 
against  a  buried  anode  will  protect  the  pipe  only  in  a  very  small 
area  immediately  surrounding  the  anode.  Even  in  this  present 
case,  where  the  protecting  voltage  was  10  times  the  normal 
potential  difference  between  the  buried  pipe  lines,  we  find  the 
area  of  the  protected  zone  to  be  almost  insignificant,  and  it  is 
very  evident  that  if  the  protecting  voltage  were  reduced,  the 
area  of  the  protected  zone  would  be  reduced  correspondingly. 
In  any  actual  case  it  would  be  impracticable  to  use  so  high  a 
protective  voltage  as  was  used  in  these  experiments,  because  of 
the  large  expense  involved,  both  for  the  generator  units  and  for 
the  power  wasted,  so  that  the  results  obtained  here,  although 
wholly  inadequate  to  afford  any  appreciable  protection,  are 
nevertheless  better  than  could  be  expected  from  any  practical 
application  of  this  method  of  protection. 

When,  however,  the  rails  are  used  as  positive  terminals  instead 
of  a  small  buried  anode,  the  anode  is  in  effect  spread  over  a  very 
large  area,  and  consequently  the  radius  of  the  protected  zone 
would  be  much  larger  than  in  the  case  above  considered.  It 
appears,  therefore,  that  these  patented  modifications  involving 
the  use  of  small  buried  anodes  are  without  merit. 
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Another  form  of  cathodic  protection  consists  in  burying  near 
the  pipes  a  metal  which  is  electropositive  to  the  pipes,  such  as 
zinc,  and  connecting  this  metallically  to  the  pipes.  This  tends 
to  protect  a  small  area  of  pipe  near  the  point  of  connection,  but 
from  the  experiments  described  above  it  will  be  obvious  that 
the  radius  of  the  protected  zone  will  be  extremely  small.  It 
has  the  further  disadvantage  that  a  greater  number  of  such 
connections  are  required  to  protect  the  pipe  line,  and  the  zinc 
or  other  protecting  metal  rapidly  wastes  away.  Fiurther,  there 
is  no  cheap  metal  which  is  electropositive  to  iron,  and  the  expense 
of  this  method  is  therefore  prohibitive,  except  perhaps  in  extreme 
cases. 

All  of  the  above  modifications  which  employ  a  booster  to  lower 
the  mean  potential  of  the  pipes  tend  to  cause  increased  current 
flow  in  the  pipes,  and  they  also  lower  their  potential  with  respect  to 
siu-rotmding  structures,  thereby  increasing  the  danger  to  the 
latter.  They  are,  therefore,  open  to  the  same  objections  as  the 
pipe-drainage  system  described  later  in  this  report,  besides  being 
as  a  rule  more  complicated  and  more  expensive  to  install  and 
operate. 

5.  FAVORABLE  LOCATION  OF  PIPES  WITH  RESPECT  TO  TRACKS 

The  location  of  pipe  lines  with  respect  to  tracks  has  a  very 
important  bearing  on  the  danger  of  electrolysis.  In  general,  it 
may  be  said  that  the  farther  the  pipes  are  from  the  tracks  the 
less  current  they  will  pick  up,  and  hence  the  total  damage  will 
be  correspondingly  reduced.  A  more  important  matter,  how- 
ever, is  the  distribution  of  the  discharge,  it  being  desirable  as  far 
as  practicable  to  distribute  the  discharge  over  as  large  an  area 
as  possible.  If  the  pipe  in  the  positive  area  be  brought  near 
to  the  tracks  at  one  point,  as  by  crossing  immediately  under  it, 
the  tendency  is  to  concentrate  the  discharge  at  that  point  and 
thereby  cause  rapid  destruction  locally.  The  location  of  the 
pipes  is  therefore  more  important  within  the  positive  area  than 
outside  this  zone,  although  in  both  cases  it  is  important. 

In  laying  new  pipes,  or  replacing  old  ones  therefore,  the  pipes 
should  be  placed  as  far  as  practicable  from  the  rails  and  the  cross- 
ing of  service  pipes  under  the  tracks  should  be  avoided  if  cir- 
cumstances   permit.     Some    companies    make    it    their    regular 
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practice  in  the  more  densely  built  up  districts  to  lay  mains  on 
botli  sides  of  the  street,  in  which  case  the  crossing  of  services 
under  tracks  is  rarely  necessary.  In  many  cases  this  is  not 
practicable,  however,  but  something  can  always  be  accomplished 
by  laying  the  pipes  as  deep  as  possible  where  they  pass  under  the 
tracks.  The  practice  of  putting  mains  immediately  under  the 
tracks  tends  greatly  to  increase  damage  by  electrolysis  and  should 
be  avoided  wherever  possible. 

It  has  been  contended  by  some  investigators  that  it  is  feasible 
to  eliminate  altogether  damage  by  electrolysis  by  taking  pre- 
cautions to  keep  all  parts  of  the  pipe  system  more  than  4  or  5  feet 
distant  from  the  railway  tracks.  This  plan  has  been  advocated 
rather  strongly  by  some  European  engineers,  notably  Messrs.  J.  G. 
and  R.  G.  Cunliffe,*  who  have  concluded  from  extensive  experi- 
ments on  the  resistance  of  ground  plates  that  the  tendency  of  the 
earth  to  short-circuit  the  pipes  is  so  great  that  if  a  pipe  line  is 
everywhere  more  than  4  or  5  feet  distant  from  the  tracks  it  will 
pick  up  practically  no  current  from  the  earth. 

We  are  convinced,  however,  that  this  deduction  is  in  error.  In 
the  first  place,  the  experiments  on  which  this  conclusion  was 
based  were  carried  out  on  very  small  ground  plates  in  which, 
obviously,  the  greater  part  of  the  resistance  between  the  electrodes 
would  be  within  2  or  3  feet  of  the  electrodes  themselves,  because 
of  the  relatively  small  cross  section  of  the  path  of  the  current  in 
those  parts.  If,  however,  we  are  dealing  with  very  lairge  electrodes, 
we  find  that  a  large  part  of  the  resistance  between  the  electrodes 
is  to  be  found  at  points  much  farther  from  the  electrodes.  Con- 
sequently, if  current  is  being  discharged  from  a  very  large  electrode, 
the  pipe  line  would  have  to  be  removed  much  farther  from  the 
vicinity  in  order  not  to  pick  up  any  current  from  it. 

In  any  actual  case,  we  may  consider  a  railway  system  as  con- 
stituting a  large  network  forming  a  single  anode  discharging 
current  into  the  earth,  and  in  such  a  case  we  can  not  apply  the 
conclusions  that  would  be  drawn  from  comparatively  small 
anodes,  such  as  used  in  the  experiments  above  referred  to.  On 
the  contrary,  our  own  experiments  have  convinced  us  that  it  is 

*  J.  G.  and  R.  G.  Cunliffe,  "Electric  traction  vagabond  currents,"  Jotir.  Inst.  of.Elec.  Eng.,  Vol  43, 
p.  449. 
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wholly  impracticable  to  so  locate  the  pipes  that  they  will  not  be 
in  danger  of  picking  up  considerable  amounts  of  cturent  from  the 
earth  under  conditions  which  in  the  past  have  usually  prevailed  in 
most  cities  in  this  coimtry.  As  evidence  of  this  we  may  cite  the 
fact  that  quite  frequently  when  investigating  voltage  conditions 
in  various  cities  we  have  encountered  localities  where  even  at  a 
distance  of  200  yards  from  the  nearest  railway  line  the  potential 
gradients  in  the  earth  were  as  high  as  several  volts  per  mile. 

It  is  very  obvious  that  a  pipe  line  placed  in  earth  in  which  such 
large  potential  gradients  exist,  must  of  necessity  pick  up  large 
amounts  of  current.  While,  therefore,  the  method  of  reducing 
electrolysis  troubles  by  careful  location  of  the  pipe  lines  can  never 
be  more  than  partly  successful,  we  are  nevertheless  convinced 
that  a  good  deal  can  be  accomplished  in  laying  new  lines  by  keep- 
ing them  as  far  as  practicable  from  the  street  railway  tracks.  The 
advantage  of  this,  as  pointed  out  above,  is  more  because  it  tends 
to  distribute  the  current  discharge  over  a  large  area  than  because 
of  actual  reduction  of  current  in  the  pipe  systems,  although  the 
latter  is,  of  course,  of  some  consequence.  The  limitations  of  the 
method  of  pipe  location  are,  however,  very  obvious.  The  major 
part  of  the  electrolysis  problem  has  to  do  with  the  protection  of 
pipe  systems  where  both  the  pipes  and  the  tracks  are  already  in 
place;  hence  this  method  should  be  regarded  merely  as  presenting 
certain  features,  of  which  advantage  can  and  should  be  taken  in 
special  cases,  and  not  as  a  general  method  of  electrolysis  mitigation. 

6.  CONDUCTING  COATINGS 

If  it  were  practicable  to  provide  a  continuous  conducting  coat- 
ing for  the  pipes  which  would  not  corrode  under  the  discharge  of 
electric  currents,  there  would  be  less  need  of  trying  to  prevent  the 
flow  of  current  in  the  pipes.  Numerous  attempts  have  been  made 
to  utilize  this  principle  in  electrolysis  mitigation.  In  general,  the 
aim  has  been  to  provide  on  the  surface  of  the  pipe  a  conducting 
material  which  is  noncorrodable,  and  which  is  in  metallic  contact 
with  the  pipe,  the  idea  being  that  the  cinrent  would  pass  from  the 
pipe  to  the  noncorrodable  material  by  metallic  conduction,  and 
thence  be  discharged  into  the  earth  without  injury.  The  diffi- 
culties  of  this  method  lie  in  the  fact  that  all  noncorrodable  metals 
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available  for  this  purpose  are  too  expensive  for  commercial  appli- 
cation, so  that  attempts  to  use  this  method  have  necessarily  been 
confined  to  nonmetallic  coatings.  Here,  however,  a  difficulty  is 
encountered,  owing  to  the  impracticability  of  maintaining  a  con- 
tinuous coating  by  means  of  any  nonmetallic  conducting  material. 

In  one  attempt  to  utilize  the  method  of  conducting  coatings  the 
iron  was  covered  by  a  layer  of  black  oxide,  either  by  subjecting 
it  to  the  well-known  Bower-Barff  treatment  or  by  various  other 
means.  Black  oxide  is  a  very  good  conductor  of  electricity  and 
is  noncorrodable  under  most  soil  conditions,  and  at  first  sight  this 
method  might  appear  promising.  It  has,  however,  two  serious 
drawbacks  which  combine  to  make  the  method  utterly  ineffective 
in  practice.  The  first  is  the  fact  that  it  has  been  impossible  to 
to  provide  a  coating  of  this  kind  that  was  entirely  free  from  cracks 
or  other  flaws  reaching  through  the  coating  to  the  iron  below. 
The  second  difficulty  is  due  to  the  fact  that  iron  oxide  is  electro- 
negative to  iron,  and  wherever  a  fault  develops  in  the  coating  per- 
mitting soil  waters  to  enter  and  make  contact  with  the  iron, 
galvanic  action  is  set  up  which  speedily  produces  severe  pitting 
in  the  iron.  In  fact,  it  is  this  phenomenon  which  is  in  large  meas- 
ure responsible  for  the  unequal  corrosion  of  iron  in  practice  which 
results  in  pitting  of  the  surface.  The  initial  corrosion  results  in 
the  formation  of  iron  oxides  at  certain  points,  and  these  areas  at 
once  become  electronegative,  forcing  the  current  to  discharge  else- 
where and  thus  aggravating  the  rate  of  deterioration  of  the  pipes. 

A  patented  modification  of  this  method  consists  essentially  in 
providing  a  coating  of  conducting  particles  such  as  coke,  for  ex- 
ample, embedded  in  a  continuous  nonconducting  binding  material, 
such  as  pitch,  the  theory  being  that  the  particles  of  coke  would 
afford  a  metallic  path  for  the  current  through  the  coating,  and 
thus  prevent  corrosion  of  the  iron.  In  practice  it  has  been  found 
that  the  insulating  coating  soon  breaks  down  after  the  manner 
described  above  for  paint  coatings,  and  when  this  takes  place  the 
particles  of  coke  in  contact  with  the  iron  set  up  galvanic  action, 
which  causes  rapid  deterioration  of  the  pipe.  It  is  safe  to  say 
that  conducting  coatings  as  applied  up  to  the  present  time  have 
invariably  been  harmful  in  their  effects  because  of  this  tendency 
to  produce  a  greatly  increased  amount  of  self -corrosion. 
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A  method  that  has  been  used  in  some  cases  to  reduce  cases  of 
local  electrolysis  consists  in  interposing  between  the  pipes  and  the 
structure  to  which  it  is  discharging  current  a  mass  of  metal  which 
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Fig.  9. — Plane  screen 

is  electrically  connected  to  the  pipe  or  other  structure  to  be  pro- 
tected. The  current  is  then  carried  from  the  pipe  to  the  metal 
screen  by  way  of  the  metallic  path,  and  thence  discharged  into 
the  earth,  the  corro- 
sion taking  place  on 
the  screen  instead 
of  on  the  pipe .  The 
screen  can  be  of 
heavy  cast-iron 
plates  or  grids.  In 
order  to  be  effective 
the  screen  must  be 
placed  on  the  side 
of  the  pipe  toward 
which  it  tends  to 
discharge  current, 
and  if  the  pipe  is 
discharging  current 
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Fig.  10. — Circular  screen 


in  all  directions,  the  screen  must  take  the  form  of  a  larger  pipe 
inclosing  the  pipe  which  is  to  be  protected. 

The  principle  of  such  screens  is  shown  in  Figs.  9  and  10.     Fig. 
9  shows  diagrammatically  a  plain  screen  interposed  between  the 
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pipe  line  and  the  railway  track  where  the  pipe  crosses  under  the 
track.  In  this  case  the  tendency  would  be  for  the  pipe  to  discharge 
current  upward  into  the  track,  so  that  a  small  slab  ot  metal, 
such  as  cast  iron  considerably  longer  than  the  width  of  the  track 
and  having  a  width  several  times  the  diameter  of  the  pipe  inter- 
posed between  pipe  and  tracks  and  connected  to  the  pipe  elec- 
trically, would  take  off  the  greater  part  of  the  current  on  the 
pipe  without  injury  to  the  pipe  itself;  and  if  the  iron  slab  were 
very  heavy,  it  would  in  most  cases  last  almost  indefinitely.  Fig. 
lo  shows  a  circular  screen  surrounding  a  pipe  which  tends  to  dis- 
charge current  locally  in  several  directions.  The  chief  advantage 
of  such  a  screen  over  a  direct  bond  between  the  pipe  and  the 
structure  to  which  it  is  discharging  current  is  that  the  screen  has 
an  almost  negligible  tendency  to  increase  the  magnitude  of  the 
current  flow  in  the  pipes,  and  therefore  can  not  induce  a  dangerous 
condition  to  the  pipes  or  other  structures  at  remote  points,  where 
they  are  not  electrically  continuous. 

It  is  obvious  that  this  method  is  not  adapted  for  extensive  use 
throughout  the  pipe  system,  but  it  may  be  useful  in  special  cases 
for  relieving  severe  cases  of  corrosion  in  very  restricted  areas,  as, 
for  example,  where  an  important  pipe  line  passes  under  or  very 
near  a  street  railway  line  or  other  pipe  system  which  is  strongly 
negative  to  the  pipe  to  be  protected.  At  best,  however,  it  should 
be  regarded  as  a  temporary  expedient  to  be  resorted  to  only  in 
emergency,  while  more  adequate  mitigative  measures  are  being 
applied  elsewhere  in  accordance  with  principles  set  forth  in  a  later 
part  of  this  report. 

8.  INSULATING  JOINTS  IN  PIPES 

(a)  General  Discussion. — Another  method  of  reducing  current 
flow  in  pipes  which  has  found  rather  extensive  application  within 
the  last  few  years,  in  some  cases  for  the  primary  purpose  of  reduc- 
ing electrolysis,  but  in  most  cases  for  other  reasons,  is  that  of 
breaking  up  the  continuity  of  the  pipe  lines  by  the  use  of  insulating 
or  resistance  joints,  particularly  cement  joints.  In  ordinary 
wrought- iron  or  steel  pipes  with  screwed  or  riveted  joints  the 
resistance  of  the  joints  is  usually  small  in  comparison  with  that 
of  the  pipes,  and  when  such  pipes  are  laid  in  localities  where  there 
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is  an  appreciable  potential  gradient  in  the  direction  of  the  pipe 
current  of  considerable  magnitude  will  usually  be  carried  by  the 
pipe.  In  the  case  of  cast-iron  mains  the  resistance  of  the  joints 
is  often  as  great  as  or  greater  than  a  section  of  the  pipe,  and  it  is 
not  uncommon  to  find  a  lead  joint  which  has  a  resistance  equiva- 
lent to  that  of  several  hundred  feet  or  even  several  thousand  feet  of 
pipe,  and  it  is  due  largely  to  this  high  joint  resistance  and  to  some 
extent  also  to  the  higher  specific  resistance  of  cast  iron  that  cast- 
iron  mains  usually  carry  less  current  under  similar  conditions  than 
wrought- iron  or  steel  mains.  Experience  has  shown,  however,  that 
the  resistance  of  lead  joints  is  not  sufficient  to  reduce  the  current 
to  a  safe  value,  and  attempts  have  been  made  still  further  to  increase 
the  resistance  of  the  pipes  by  the  introduction  of  specially  designed 
joints  of  high  resistance. 

Because  of  the  wide  use  that  is  now  being  made  of  insulating 
joints,  both  for  the  purpose  of  protecting  against  electrolysis  and 
for  other  reasons,  we  give  below  a  rather  full  discussion  of  the  use 
of  such  joints  and  the  precautions  that  should  be  taken  in  installing 
them.  It  should  be  emphasized,  however,  that  in  general  we 
regard  the  use  of  insulating  joints  as  valuable  chiefly  as  an  auxiliary 
measure  which  may  often  be  used  to  advantage  to  supplement 
measures  applied  to  the  railway  tracks  to  reduce  voltage  drops 
therein  to  reasonably  low  values. 

Following  the  earlier  attempts  to  prevent  electrolysis  by  this 
method,  very  strong  claims  were  made  for  it  by  some  of  its  advo- 
cates, some  of  them  claiming  that  they  had  completely  solved  the 
problem  of  electrolysis  mitigation  by  the  use  of  insulating  joints. 
Within  a  few  years,  however,  a  noticeable  reaction  set  in.  Many 
engineers  criticized  the  method,  and  some  of  those  who  were  its 
warmest  advocates  in  the  beginning  abandoned  it.  It  is  but 
natural,  however,  that  the  initial  attempts  to  apply  this  method 
should  have  resulted  in  some  disappointments,  and  it  is  not  safe 
to  consider  these  early  failures  seriously  in  judging  the  value  of 
the  method  when  properly  applied.  At  that  time  no  experience 
had  been  gained  in  regard  to  the  frequency  with  which  such  joints 
should  be  used,  the  proper  location  of  the  joints,  the  kind  of 
joints  best  suited  to  certain  conditions,  and  the  complications 
arising  from  the  presence  of  other  pipe  systems  not  so  insulated. 
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All  of  these  are  important  factors  and  must  be  carefully  con- 
sidered if  adequate  protection  is  to  be  secured. 

On  account  of  the  very  great  number  of  systems,  particularly 
gas  systems,  which  now  use  cement  or  other  insulating  joints,  this 
subject  has  become  a  very  important  one  and  requires  somewhat 
extended  discussion.  We  therefore  give  below  a  rather  full  state- 
ment of  the  principles  underlying  the  design  and  construction  of 
the  resistance- joint  systems  where  electrolysis  mitigation  is  the 
primal  y  consideration  and  also  give  an  account  of  some  of  our 
own  investigations  that  have  been  completed  to  date  in  regard  to 
the  use  of  such  joints. 

A  number  of  cases  have  come  to  our  attention  where  systems 
in  which  insulating  joints  have  been  installed  for  the  express 
purpose  of  preventing  electrolysis  have,  nevertheless,  suffered 
severely  from  corrosion  by  stray  currents.  In  every  case  that 
we  have  examined,  however,  there  has  been  good  reason  for 
believing  that  the  trouble  was  due  either  to  the  use  of  an  insuf- 
ficient number  of  joints,  or  joints  of  improper  design,  or  to  the 
fact  that  they  were  not  located  in  such  places  as  to  be  most 
effective  in  reducing  danger.  A  very  common  procedure  has 
been  to  insert  insulating  joints  at  infrequent  intervals  of  from 
200  to  500  feet  or  to  insert  a  single  insulating  joint  on  either 
side  of  the  track,  and  a  few  feet  therefrom,  and  to  assume  that 
these  insulating  joints  should  prevent  current  from  getting  from 
the  railway  tracks  into  the  pipes  beyond  the  joint. 

The  reason  why  such  an  installation  might  fail  to  protect  the 
pipes  in  many  instances  will  be  evident  if  we  consider  the  con- 
ditions which  exist  in  many  places.  In  the  course  of  voltage 
surveys  in  various  cities  we  have  often  encountered  localities 
where  the  potential  difference  over  distances  of  a  few  hundred 
feet  reach  5  or  6  volts  or  more  during  the  average  all-day  load, 
and  considerably  higher  values  during  peak  load.  At  times 
potential  gradients  of  this  magnitude  have  been  found  to  prevail 
continuously  over  distances  of  a  thousand  feet  or  more.  In  a 
case  of  this  kind,  where  the  difference  of  potential  is,  say,  10 
volts  per  thousand  feet,  and  a  pipe  line  is  located  in  a  direction 
a-pproximately   parallel  to  the  electromotive  force,    heavy  cur- 
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rents  will,  as  a  rule,  be  picked  up  by  the  pipes,  and  if  this  is 
discharged  into  the  earth,  serious  damage  will,  of  course,  result. 
If,  now,  we  break  up  the  continuity  of  the  pipe  by  inserting 
insulating  joints  at  intervals  of,  say,  300  feet,  these  joint  resist- 
ances, being  high  compared  with  the  resistance  of  the  pipe, 
practically  all  of  the  potential  drop  will  be  concentrated  at  the 
joints  and  across  each  joint  a  potential  drop  of  about  3.3  volts 
will  occur. 

Since,  as  usually  made,  the  leakage  path  around  such  joints 
is  very  short,  the  metal  parts  on  opposite  sides  of  the  joint  being 
brought  within  an  inch  or  less  of  each  other,  it  is  evident  that 
the  potential  gradient  across  this  short  distance  will  be  ex- 
tremely high,  and  as  a  consequence  heavy  leakage  currents 
will  flow  around  the  joints  sufficient  to  destroy  them  within  a 
comparatively  short  time.  It  is  evident  that  in  order  to  prevent 
this  a  sufficient  number  of  insulating  joints  must  be  used  so  that 
the  drop  of  potential  across  each  joint  will  not  be  suffixient  to 
injure  the  joint  within  a  long  period  of  years.  In  other  words, 
the  total  resistance  of  the  line  must  be  so  much  increased  by 
the  addition  of  the  joints  that  the  current  flowing  through  it 
under  the  total  potential  difference  will  be  too  small  to  do  serious 
damage.  This  points  to  the  importance  of  governing  the  num- 
ber and  location  of  the  joints  by  the  local  potential  conditions, 
a  subject  which  is  taken  up  in  detail  in  a  later  part  of  this  paper. 

(6)  Tests  on  Insulating  Joints  in  Service. — In  attempting  to 
determine  by  actual  experiment  under  practical  conditions  just 
how  effective  insulating  joints  may  be  in  reducing  currents  in 
pipes,  difficulties  are  met  with  owing  to  the  complex  and  uncer- 
tain ramification  of  the  pipe  networks.  In  connection  with 
other  lines  of  field  work  we  have  made  excavations  and  measured 
the  flow  of  current  in  pipe  lines  provided  with  insulating  joints 
at  more  or  less  frequent  intervals,  and  by  comparing  these  with 
similar  measurements  on  lines  not  provided  with  insulating 
joints  but  otherwise  similarly  situated,  an  approximate  idea  has 
been  gained  as  to  the  extent  to  which  the  currents  are  reduced 
by  the  joints.  In  making  such  measurements  the  method  used 
was  the  one  most  commonly  employed  by  engineers  for  this 
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purpose,  viz,  to  expose  a  portion  of  the  pipes  between  adjacent 
joints  and  with  a  millivoltmeter  measure  the  drop  of  potential 
between  two  points  a  measured  distance  apart.  The  size,  type, 
and  class  of  pipe  being  known,  and  the  specific  resistance  being 
obtained  from  tables  prepared  for  this  purpose,  the  current  in 
the  pipe  could  be  calculated  with  a  sufficient  degree  of  accuracy 
for  work  of  this  kind. 

Wherever  practicable  the  current  measurements  were  made  in 
cities  where  one  pipe  system  only  (either  water  or  gas)  was  pro- 
vided with  insulating  joints,  and  by  selecting  places  where  the 
pipes  of  the  two  systems  lay  parallel  and  near  together  for  some 
distance  it  was  possible  to  obtain  points  at  which  the  two  systems 
were  subjected  to  somewhat  similar  conditions  except  for  the  insu- 
lating joints,  and  in  this  way  a  fairly  definite  idea  of  the  effect  of 
insulating  joints  could  be  obtained.  Such  readings  are  of  course 
not  altogether  satisfactory,  for  there  was  often  a  difference  in  the 
material  of  the  pipe  and  in  some  cases  a  difference  in  size  also,  and 
allowance  should  be  made  for  these.  There  was  also  the  uncer- 
tainty in  regard  to  the  ramifications  of  the  netv/ork  to  which  the 
lines  were  connected,  but  in  general  the  conditions  were  sufficiently 
similar  to  indicate  clearly  the  tendency  of  the  joints. 

A  number  of  these  current  readings  in  parallel  mains  is  shown 
in  Table  3.  In  test  No.  i,  the  measurements  were  taken  on  an 
8-inch  water  main  provided  with  very  infrequent  leadite  joints, 
and  on  the  same  street  measurements  were  taken  on  a  6-inch 
gas  main  provided  with  lead  joints  throughout.  As  shown  in  the 
table,  the  current  in  the  former  was  0.93  ampere  and  in  the 
latter  1.57  amperes,  showing  an  appreciable  reduction,  although 
the  difference  is  small.  It  is  important  to  note,  however,  that 
in  this  case  the  leadite  joints  were  at  a  considerable  distance 
apart,  averaging  several  thousand  feet,  and  ftuther,  they  were 
not  installed  with  the  Idea  of  making  them  insulating,  so  that 
in  many  cases  the  joints  were  of  low  resistance  owing  to  con- 
tact between  the  bell  and  spigot  ends  of  the  pipes.  In  test  No.  2 
measurements  were  taken  on  a  1 2 -inch  main  provided  with  a  leadite 
joint  every  12  feet  and  on  a  parallel  16-inch  main  v/ith  lead  joints 
throughout.  The  difference  here  is  very  marked,  the  current  in 
the  lead  joint  line  being  over  one  hundred  times  that  in  the  line 
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having  leadite  in  ever}'^  joint.  Similarly,  in  test  No.  3,  where  also 
one  line  was  provided  with  a  leadite  joint  every  12  feet,  the  differ- 
ence is  more  marked,  the  current  in  the  case  of  lead  joints  being 
about  a  hundred  and  twenty  times  that  in  the  pipes  having  leadite 
joints.  In  test  No.  4  the  difference  is  much  less,  but  this  is  partly 
due,  no  doubt,  to  the  difference  in  size  of  the  pipes,  as  shown  by 
the  table.  The  chief  factor,  however,  is  the  distance  between  the 
leadite  joints,  this  being  in  the  present  instance  about  300  feet. 

TABLE  3 
Effect  of  Insulating  Joints  on  Current  Flow  in  Parallel  Mains 


Test 

Mains 

Type  of 
joint 

Distribution 
of  insulating 

Section  in  which  drop 
was  measured 

Average 

potential 

across 

section 

Amperes 

No. 

Kind 

Class 

Size 

joints  in 
mains 

Distance 
to  joint 

Length 

in  pipe 

Inches 

Feet 

Millivolts 

1 

(Cast 

1       Do... 

D 

A 

8 
6 

Leadite  . . 
Lead 

Isolated 

None 

[Adjacent. 

i           6 

0.2 
.4 

0.93 
1.51 

2 

1       Do... 

A 

12 

Leadite  . . 

12  feet 

[....do... 

1     m 

.013 

.062 

1       Do... 

C 

16 

Lead 

None 

1      3 

.2 

7.27 

3 

1        Do... 

D 

12 

Leadite  . . 

12  feet 

[....do... 

J          lOJ 

.013 

.094 

i       Do... 

C 

16 

Lead 

None 

1           8 

.83 

11.31 

4 

J        Do... 

D 

12 

Leadite  . . 

300  feet 

[....do... 

I          ^^ 

.02 

.138 

i       Do... 

C 

4 

Lead 

None 

i           6 

.3 

.86 

5 

f  Wrought. 

Standard. 

6 

No.  6D.. 

Isolated 

|....do... 

I           ^ 

.005 

.037 

{cast 

C 

6 

Lead 

None 

i           3i 

.8 

6.13 

5 

[Wrought. 

Standard. 

4 

No.  6D.. 

Irregular... 

}....do... 

I            ^^ 

.01 

.062 

[Cast 

C 

4 

Lead 

None 

1       lof 

8.0 

12.85 

7 

[Wrought. 

Standard. 

6 

No.  6D.. 

Irregular... 

[....do... 

1            ^ 

.0025 

.0185 

[Cast 

C 

20 

Lead 

None 

1               102^ 

1.9 

28.22 

8 

(Wrought. 

Standard. 

4 

No.  6D.. 

Irregular... 

[..-.do... 

I       ^' 

.01 

.055 

[Cast 

C 

4 

Lead 

None 

1           7 

.15 

.371 

9 

Wrought . 

Standard. 

6 

No.  6D.. 

Irregular.. - 

f 
....do... 

J            ^^ 

.0025 

.042 

Cast 

C 

6 

Lead 

None 

I        lU 

.02 

.048 

10 

[Wrought. 

Standard. 

8 

No.  6D.. 

Irregular... 

[....do... 

J            2i 

.0025 

.031 

least 

C 

6 

Lead 

None 

1          111 

2.4 

5.47 

U 

[Wrought. 

Standard. 

3 

No.  39D. 

20  feet 

[....do... 

J          22 

.005 

.0024 

[Cast 

C 

6 

Lead 

None 

I       io§ 

2.0 

5.11 

12 

[Wrought . 
[Cast 

Standard. 
C 

3 

10 

No.  6D.. 
Lead 

Irregular... 
None 

[1000  feet.. 

J          ^° 
1          10 

1.2 
.3 

1.26 
1.62 

[Wrought. 

Standard. 

3 

No.  6D.. 

Irregular... 

[            ^ 

.01 

.026 

13 

Cast 

C 

12 

Lead 

None 

■1300  feet.. 

10 

.5 

3.50 

....do... 

C 

12 

do... 

do 

10 

.2 

1.40 

14 

Wrought. 

Standard. 

3 

No.  6D.. 

Irregular... 

[500  feet... 

!     '' 

.015 

.016 

Cast 

C 

10 

Lead 

None 

I          10 

5.0 

27.0 
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TABLE  4 
Small  Currents  Flowing  in  Mains  Protected  by  Insulating  Joints 


Mains 

Joints 

Distribu- 
tion of  in- 
sulating 
joints  in 
mains 

Section  in  which  drop 
was  measured 

Average 

potential 

across 

section 

Amperes 
in  pipe 

Kind 

Class 

Size 

Type 

Age 

Distance 
from  insu- 
lating joints 

Length 

Inches 

Years 

Feet 

Millivolts 

Cast 

D 

12     L 

eadite  .. 

3 

12  feet... 

Adjacent . 

12 

0.013 

0.082 

Do.... 

D 

12    ... 

..do.... 

3 

do... 

do.... 

lOi 

.013 

.094 

Do.... 

D 

12    ... 

..do.... 

3 

do... 

do.... 

11 

.013 

.090 

Do.... 

D 

12    ... 

..do.   .. 

2 

do... 

do... 

8 

.01 

.095 

Do.... 

D 

12    ... 

..do.... 

2 

do... 

do.... 

11 

.041 

.283 

Do.... 

D 

12    ... 

..do.... 

3 

do... 

do.... 

11 

.01 

.069 

Do.... 

D 

12    ... 

..do.... 

4 

Isolated.. 

do.... 

lOi 

.02 

.148 

Do.... 

D 

12    ... 

..do.... 

4 

300  feet. . 

do.... 

11 

.02 

.138 

Do.... 

D 

12      \^ 

/"ood 

3 

Isolated.. 

do.... 

6 

.01 

.127 

Do.... 

D 

12    .. 

..do.... 

3 

do... 

100  feet... 

6 

.03 

.38 

Wrought. 

Standard 

4      N 

0.  6  D.. 

4 

20  feet... 

Adjacent. 

S 

.0025 

.0044 

Do.... 

do.  .. 

6    .. 

..do.... 

4 

Isolated.. 

do.... 

3 

.005 

.037 

Do.... 

do.... 

4    .. 

..do.... 

4 

Irregular 

do.... 

225 

.01 

.00063 

Do.... 

od...- 

6    .. 

..do...- 

4 

do... 

do.... 

3 

.0025 

.0185 

Do.... 

do.... 

4    .. 
6    .. 
8    .. 

..do...- 
..do.... 
..do.... 

4 
4 
4 

do... 

do... 

do... 

do.... 

do.... 

do.... 

2h 
2i 

.01 

.0025 

.0025 

.056 

Do 

do 

.043 

Do.... 

do.... 

.031 

Do 

do 

3     K 
3     N 

ro.  39D.. 
0.6  D... 

4 
2 

20  feet... 

do.... 

2i 
10 

.005 
.0025 

.024 

Do.... 

do.... 

Irregular 

1000  feet.. 

.0026 

Do.... 

do.... 

3    .. 

..do.... 

2 

...  .do... 

1300  feet.. 

4 

—  .01 

—  .0263 

Do.... 

do 

4    .. 
4    .. 

4    .. 

..do.... 
..do.... 
..do.... 

2 
2 
2 

do... 

do... 

do... 

200  feet... 
Adjacent . 
1200  feet.. 

10 
3 
6 

.015 
.025 
.02 

.0211 

Do.... 

do...- 

.1175 

Do.  .- 

do.... 

.047 

Do.... 

do 

4    .. 
4    .. 
6    .. 

..do.... 
..do.... 
..do.... 

2 
2 

2 

do... 

do.. 

do... 

600  feet. . . 
Adjacent. 
...  .do.... 

6 
4 
3i 

.01 

.0025 

.01 

.0235 

Do.... 

do.... 

.0088 

Cast 

C 

.0765 

Wrought. 

Standard. 

3    .. 

..do.... 

2 

do... 

500  feet... 

10 

.015 

.0157 

Cast 

C 

8    .. 

..do.... 

2 

do... 

2500  feet.. 

6 

.2 

1.30 

Wrought. 

Standard. 

4    .. 

..do.... 

2 

do... 

750  feet... 

6 

.1 

.235 

Cast 

C 

6      C 

ement . . 

10 

12  feet... 

Adjacent. 

11 

.0025 

.0061 

Do 

C 

6    .. 

..do.... 

10 

do.. 

do.... 

11 

.015 

.0365 

Do 

C 

6    .. 

..do.... 

10 

do... 

do.... 

11 

.05 

.122 

Tests  No.  5  to  II ,  inclusive,  were  made  on  wrought-iron  gas  mains 
provided  with  Dresser  couplings  at  irregular  intervals  and  on  par- 
allel cast-iron  water  mains  provided  with  lead  joints.  In  compar- 
ing these  figures  it  should  be  borne  in  mind  that  cast  iron  has  a 
much  higher  resistance  than  wrought  iron,  and  further  that  the 
lead  joints  themselves  introduce  considerable  resistance  into  the 
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circuit,  so  that  the  real  effect  of  the  Dresser  joints  is  much  greater 
than  the  figures  would  indicate.  While  considerable  variation 
exists  in  the  ratios  of  current  in  parallel  mains  in  the  different 
tests  of  this  series,  they  show  without  exception  considerable  reduc- 
tion in  current  due  to  the  insulating  joints.  Taking  the  average 
of  the  series  we  find  that  the  current  in  the  lines  having  lead  joints 
is  about  thirty-six  times  that  in  the  lines  having  insulating  joints. 

TABLE  5 
Current  Mains  in  Mains  When  Joints  are  Infrequent 


Mains 

Joints 

Distribu- 
tion of  in- 
sulating 
joints  in 
mains 

Section  in  which  drop 
was  measured 

Average 

potential 

across 

section 

Amperes 
in  pipe 

Kind 

Class 

Size 

Type 

Age 

Distance 
from  insu- 
lating joints 

Length 

Inches 

Years 

Feet 

Millivolts 

Cast 

D 

8 

Leadite 

4 

Isolated.. 

Adjacent. 

9 

0.2 

0.926 

Do-.-. 

C 

30 

.-.do... 

3 

d.--. 

do.-.. 

11 

.2 

5.45 

Wrought  - 

Standard. 

6 

N0.6D 

4 

irregular 

1000  feet.. 

3 

.04 

.296 

Do-.-. 

...do 

6 

...do... 

4 

do... 

600  feet. . . 

21 

.25 

2.02 

Do---- 

...do 

4 

...do... 

4 

do... 

300  feet... 

2 

.11 

.775 

Do--.. 

...do 

4 

...do... 

2 

do... 

200  feet. . . 

19 

1.0 

.742 

Do.-.. 

Casing. -- 

51 

...do... 

2 

do... 

2500  feet- - 

6 

.05 

.78 

Do..-. 

Standard. 

6 

.  -do... 

2 

do... 

1200  feet- . 

2 

.4 

4.44 

Do.... 

-..do 

8 

...do... 

2 

do... 

300  feet... 

3 

.6 

6.18 

Do.... 

-..do 

4 

...do... 

2 

do... 

1200  feet- - 

2h 

.4 

2.25 

In  all  of  these  cases,  except  in  test  No.  ii,  the  insulating  joints 
were  irregularly  spaced,  the  distance  between  joints  in  various 
parts  of  the  system  varying  from  three  hundred  to  several  thousand 
feet.  This  fact  being  considered,  the  relatively  low  values  of 
current  in  the  lines  provided  with  insulating  joints  is  quite  re- 
markable. In  the  last  two  tests  shown  in  Table  3  (Nos.  13  and 
14)  the  ratios  of  current  in  the  lead  jointed  lines  to  that  in  the  lines 
with  insulating  joints  are,  respectively,  134  and  168,  but  in  these 
tests  considerable  allowance  must  be  made  for  the  relatively  large 
size  of  the  cast-iron  mains  as  shown  by  the  table. 

In  Table  4  is  shown  a  series  of  current  measurements  on  lines 
having  insulating  joints  imder  conditions  where,  in  most  cases,  it 
was  not  possible  to  obtain  similar  readings  on  lines  not  so  insu- 
lated, and  they  are  presented  here  merely  to  show  that  in  general 

66325°— 18 4 
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these  currents  have  been  found  to  be  very  low.     These  figures  may 
be  regarded  as  typical  of  what  may  be  expected  under  ordinary 

_  conditions  where  a  considerable 

number  of  insulating  joints  are 
used.  That  the  current  in  these 
systems  was  not  invariably  small, 
however,  is  shown  in  Table  5, 
which  gives  a  number  of  tests 
showing  ciu'rent  of  considerable 
magnitude  flowing  in  the  pipes. 
It  is  to  be  noted,  however,  that 
in  all  such  cases  the  insulating 
joints  were  widely  separated,  as 
shown  by  the  column  giving  the 
distance  from  the  nearest  insu- 
lating joint  to  the  point  at  which 
the  measurements  were  taken. 
The  distance  between  joints  be- 
ing at  least  double  these  values, 
they  range,  therefore,  from  four 
hundred  to  several  thousand 
feet.  These  figures  emphasize 
the  fact  pointed  out  above  that 
if  the  joints  are  placed  too  far 
apart  in  places  where  potential 
gradients  in  the  earth  are  high, 
enough  current  may  continue  to 
flow  through  the  pipes  to  cause 
serious  damage. 

In  all  of  the  cases  above  re- 
ferred to  the  resistance  joints 
were  either  spaced  at  consider- 
able distances  apart  or  were  not 
carefully  enough  made  to  insure 
a  high  resistance;  they  do  not 
therefore  show  what  may  be  ac- 
complished by  the  use  of  insulat- 
ing joints  when  installed  at  very  frequent  intervals  and  when  proper 
care  is  taken  to  eliminate  defects  in  the  joints.     In  order  to  secure 


X 


is 


'^ 


^ 
-^ 


^ 


C5^ 


-0 


Electrolysis  Mitigation 


51 


further  and  more  exact  data  on  this  point  two  experimental  Hnes  of 
4-inch  cast-iron  pipe  were  laid  at  the  Bmeau  of  Standards  under 
conditions  which  insured  identical  conditions  except  for  the  joints. 
The  lines  were  laid  parallel,  100  feet  long  and  40  feet  apart,  one 
line  being  provided  with  ordinary  lead  joints  and  the  other  with 
carefully  made  cement  joints. 

The  arrangements  of  these  pipes  is  shown  in  Fig.  11.  At  the 
center  of  each  line  the  pipes  were  separated  by  a  large  insulating 
plate  and  to  the  ends  of  the  pipes  adjoining  this  plate  insulated 
leads  were  attached,  and  these  were  brought  to  the  surface  and 
short-circuited,  an  ammeter  being  inserted  in  these  leads  when  it 
was  desired  to  measure  the  current  in  the  pipes.  A  difference  of 
potential  of  15  volts  was  impressed  on  the  pipes  and  measure- 
ments of  the  current  flowing  in  the  pipes  were  made.  The  results 
are  given  in  Table  6,  and  are  a  most  striking  illustration  of  the 
effect  of  carefully  installed  insulating  joints  in  keeping  the  currents 
off  the  pipes.  It  will  be  seen  that  the  current  flowing  in  the  line 
provided  with  cement  joints  was,  when  last  measured,  less  than 
one  twenty-two  thousandth  part  of  that  flowing  in  the  line  having 
lead  joints,  and  is  decreasing.  This  current  is  so  small  as  to  be 
entirely  negligible,  in  so  far  as  electrolysis  effects  are  concerned. 


Current  in 

TABLE  6 
Parallel  Cement  and  Lead  Joints 

Date 

Voltage 

Current 

Ratio, 

Cement 

Lead 

lead  to 
cement 

Mav8,  1911 

15 
15 

0.0032 
.0011 

29.1 
24.2 

Q  100 

Nov.  2,  1911 

22  000 

It  is  very  important  to  note  that  in  the  systems  mentioned  above 
not  only  have  the  currents  in  the  pipes  been  reduced  to  relatively 
small  values  by  means  of  insulating  joints,  but  the  systems  thus 
protected  have  been  singularly  free  from  electrolysis  troubles  since 
the  joints  were  installed.  Although  they  have  been  in  service  for 
periods  varying  from  2  to  10  years  or  longer  no  serious  cases  of 
trouble  have  arisen,  although  in  some  instances  other  systems  laid 
in  the  same  streets  and  not  so  protected  have  suffered  considerable 
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damage  from  electrolysis.  As  an  example,  we  may  cite  the  ex- 
perience of  the  Cambridge  Gas  Co.,  of  Cambridge,  Mass.  This 
company  uses  cement  joints  exclusively  in  their  gas  mains  and 
they  have  had  but  little  trouble  from  electrolysis,  while  the  water 
pipes  occupying  the  same  region  and  not  so  protected  are  reported 
to  have  suffered  severely  for  years. 

(c)  Resistance  of  Various  Types  of  Insulating  Joints  in  Practice, — 
While  the  foregoing  shows  that  insulating  or  resistance  joints  when 
properly  installed  and  used  in  sufficient  number  will  very  greatly 
reduce  the  flovv^  of  current  in  pipes,  there  are  certain  features  in 
connection  with  such  installations,  which,  if  not  guarded  against, 
may  give  rise  to  considerable  trouble.  In  the  first  place,  joints 
designed  and  installed  as  insulating  joints  may  or  may  not  be 
insulating  when  completed,  and  this  is  especially  apt  to  be  true 
after  the  joints  have  been  in  service  for  a  considerable  length  of 
time.  A  little  carelessness  in  making  the  joint  may  permit  the 
two  ends  of  the  pipe  to  make  metallic  contact,  in  which  case,  of 
course,  the  joint  becomes  worthless  as  a  protection  against  elec- 
trolysis. This  is  particularly  apt  to  occur  in  making  joints  where 
cement  or  leadite  is  substituted  for  lead,  but  it  can  easily  be 
guarded  against  with  a  little  care.  But  even  when  every  care  is 
exercised  in  making  the  joints,  they  will  often  show  surprisingly 
low  resistances  after  having  been  in  service  for  a  considerable  time. 

Table  7  shows  the  resistances  of  a  number  of  so-called  insulating 
joints  in  actual  service  selected  at  random,  and  these  are  typical 
of  w^hat  may  be  expected.  In  measuring  these  resistances,  a 
joint  and  a  portion  of  the  pipe  were  uncovered  and  the  drop 
across  the  joint  compared  with  that  across  a  measured  length 
of  pipe  either  by  means  of  a  voltmeter  or  with  a  slide  wire  bridge. 
The  size,  weight,  and  material  of  the  pipe  being  known,  the 
resistance  of  both  pipe  and  joint  in  ohms  could  also  be  calculated 
with  a  fair  degree  of  accuracy.  It  is  to  be  noted  that  a  number 
of  joints  show  an  extremely  low  resistance,  comparable  with  that  of 
an  ordinary  lead  joint,  thereby  indicating  metallic  contact  of  the 
pipes.  This  is  particularly  true  of  some  of  the  leadite  joints.  It 
is  important  to  note  that  the  leadite  joints  were  made  without 
any  attempt  to  make  them  insulating  and  this  may  be  largely 
responsible  for  the  large  proportion  of  very  low  resistance  joints. 
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Mains 

Joints 

Average 

potential 

across 

joint 

• 

Resistance  of  joints 

Kind 

Class 

Size 

• 

Type 

Age 

Ohms 

Length  of 
pipe  with 
same  re- 
sistance 

Cast 

D 

Inches 

8 

8 

12 

12 

12 

12 

12 

12 

12 

12 

12 

30 

30 

12 

12 

12 

12 

12 

12 

12 

12 

12 

12 

4 

6 

4 

6 

4 

6 

8 

4 

4 

6 

6 

Leadite 

Years 
4 
4 
3 
3 
3 
3 
3 
3 
2 
2 
2 
3 
3 
3 
3 
3 
3 
4 
4 
4 
4 
4 
3 
4 
4 
4 
4 
4 
4 
4 
2 
2 
2 
10 

Millivolts 

0.8 

20.0 

8.0 

.02 

.3 

1.0 

5.0 

5.0 

.15 

4.0 

11.0 

60.0 

5.0 

3.0 

3.0 

.6 

,12 

40.0 

30.0 

40.0 

3.0 

6.0 

4000.0 

57.0 

60.0 

1300. 0 

400.0 

100.0 

800.0 

750.0 

400.0 

200.0 

80.0 

0.01 

0. 00133 

.033 

.123 

.0003 

.004 

.014 

.03 

.03 

.002 

.018 

.051 

.015 

.0012 

.0052 

.0052 

.0113 

.226 

.357 

.268 

.357 

.028 

.057 
40.0 
2.64 

.36 
4.96 
4.65 

.425 

5.35 

9.0 

10.65 

9.5 

.286 

.002 

Feet 
36 

Do 

D 

do 

do 

do 

897 

Do 

D 

7230 

Da 

D 

18 

Do 

D 

do 

do .. 

235 

Do 

D 

824 

Do 

D 

do 

1760 

Do 

D 

do 

do 

1760 

Do 

D 

118 

Do 

D 

do 

1060 

Do 

D 

do 

do 

3000 

Do. 

C 

3350 

Do 

C 

do 

269 

Do 

D 

do 

306 

Do 

D 

do 

do 

306 

Do 

D 

665 

Do 

D 

do 

do 

do 

do 

...  .do 

do 

13  300 

Do 

D 

21000 

Do 

D 

15  700 

Do 

D 

21  000 

Do 

D 

1650 

Do 

D 

3350 

Do 

D 

18-foot  wood  stave 

2  350  000 

Wrought 

DO 

Standard 

...do 

...do 

No.  6D 

155  000 

do 

37  600 

Do 

do 

292  000 

Do..     .. 

...do 

do 

480  000 

Do 

Do 

...do 

do 

...  .do 

do 

25  000 
560  000 

Do 

Do 

...do 

...do 

do 

do 

1  400  000 
626  000 

Do 

...do 

do 

do 

558  000 

Cast 

C 

60  800 

Do 

C 

Cement 

42 

Perhaps  the  most  surprising  feature  of  Table  7  is  the  low  resist- 
ance shown  by  the  Dresser  couplings  which  had  been  in  service 
for  a  number  of  years.  Although  these  joints  are  provided  with 
rubber  gaskets  and  doubtless  had  a  very  high  resistance  when 
new,  the  resistances  have  now  fallen  to  a  few  ohms.     A  joint  hav- 
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ing  a  resistance  of  this  magnitude,  however,  is  practically  as  good 
as  one  of  much  higher  resistance,  since  only  currents  of  negligible 
value  can  flow  through  such  a  resistance  under  the  differences  of 
potential  that  would  commonly  prevail  across  the  joint  in  prac- 
tice. In  the  case  of  the  joints  having  a  resistance  of  a  few  hun- 
dredths of  an  ohm  or  lower,  currents  of  considerable  magnitude 
may  be  found,  and  these  can  not  be  regarded  as  satisfactory 
resistance  joints.  With  reasonable  care  in  the  making,  however, 
all  joints  whether  made  of  cement  or  wood  or  some  special  joint 
provided  mth  rubber  or  other  insulating  gasket  will  have  ample 
resistance,  and  if  properly  located  and  used  in  a  proper  manner 
any  of  these  joints  should  prove  effective. 

Leadite  joints  when  new  also  have  ample  resistance,  comparing 
favorably  mth  cement  joints  in  this  respect,  but  their  resistance 
appears  to  decrease  rapidly  with  age.  This  is  very  strikingly 
shown  in  Table  8,  which  shows  the  variation  of  the  resistance  of 
some  leadite  joints  with  time.  A  pipe  line  about  lOO  feet  long 
was  laid  with  leadite  joints,  care  being  taken  to  make  all  joints 
free  from  metallic  contact  between  the  ends  of  the  pipe.  At  the 
center  of  the  line  the  pipes  were  separated  and  an  insulating  plate 
inserted,  and  the  two  ends  of  the  pipe  on  either  side  of  the  insu- 
lating plate  were  provided  with  insulated  leads,  in  which  an  amme- 
ter could  be  inserted  for  the  purpose  of  measuring  from  time  to 
time  the  current  flowing  in  the  pipes.  A  difference  of  potential 
of  15  volts  was  impressed  on  this  line  continuously  for  several 
months;  this  was  sufficient  to  give  a  drop  of  potential  of  about 

0.8  volt  on  each  joint. 

TABLE  8 

Showing  Variation  of  Resistance  of  Leadite  Joints  with  Time 


Current 

Resistance. 


July  7, 
1911 


0.  0069 
2,174 


July  14, 
1911 


0.  0076 
1.990 


July  21, 
1911 


0.046 
326 


July  28, 
1911 


0.268 
56 


Aug.  11, 

ion 


0.064 
23 


Aug.  25, 

1911 


0.360 
41 


Sept.  8, 
1911 


1.24 
12 


Sept.  19, 
1911 


1.88 
8  ohms 


Feb.  19, 

1915 


132.0 
0.113 


The  readings  show  that  the  ciurent  was  very  small  when  the 
pipe  was  first  laid,  but  increased  rapidly  with  time,  and  after 
being  laid  4  months  the  resistances  had  ^decreased  to  about  one 
two-thousandths  of  their  initial  value  and  were  still  decreasing. 
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At  the  end  of  that  time  the  current  was  discontinued  and  the  pipes 
were  allowed  to  stand  in  earth  for  about  14  months,  when  the 
resistance  of  the  line  was  again  measured.  It  was  then  found  that 
the  resistance  of  the  entire  line  had  fallen  to  0.25  ohm,  and  after 
about  4  years  the  resistance  was  only  0.113  ohm,  or  less  than  one 
nineteen  thousandths  part  of  its  value  at  the  beginning.  This 
resistance  is  still  high  enough  to  have  an  appreciable  value  in 
reducing  current  flow  in  the  pipe,  the  resistance  of  the  joints  being 
still  nearly  twenty  times  that  of  the  pipes,  but  the  results  indicate 
that  leadite  joints  can  not  be  depended  upon  to  remain  permanently 
insulating,  and  their  permanent  value  as  a  preventive  of  electro- 
lysis is  at  least  questionable.  At  first  it  was  supposed  that  the 
apparent  decrease  in  the  resistance  of  the  joints  might  be  due  to 
increased  leakage  around  the  joints,  but  measurements  made  of 
some  of  the  joints  when  uncovered  show  that  the  resistance  of  the 
joint  itself  has  decreased.  It  was  foimd  that  the  leadite  contains 
a  large  amount  of  sulphur,  and  when  placed  in  wet  soil  this  gradu- 
ally oxidizes  forming  sulphuric  acid  which  appears  to  be  chiefly 
responsible  for  the  steady  falling  off  of  the  resistance  of  the  joints. 
{d)  Number  of  Insulating  Joints  Required. — A  condition  already 
referred  to  that  is  likely  to  cause  trouble  is  a  too  infrequent  use 
of  insulating  joints,  and  this  condition  is  probably  responsible  for 
a  good  deal  of  the  disfavor  into  which  this  method  has  fallen  with 
some  people.  Obviously,  if  the  joints  are  placed  far  apart,  the 
long  stretch  of  intervening  pipe  may  pick  up  considerable  ciu-rent, 
and  since  most  of  this  ciu-rent  must  flow  out  of  the  pipe  as  it  ap- 
proaches the  insulating  joint,  serious  electrolysis  may  occur  on  the 
positive  side  of  the  joint.  The  more  frequently  the  joints  are 
placed  the  less  the  danger  from  this  source.  It  is  of  course  impos- 
sible to  lay  down  any  very  definite  rules  in  regard  to  the  frequency 
with  which  such  joints  should  be  used,  since  that  must  be  deter- 
mined in  each  case  by  local  conditions.  In  general,  however,  it 
may  be  said  that  the  resistance  joints  should  not  be  confined  to  the 
positive  area  as  some  have  supposed,  but  should  be  distributed 
throughout  the  negative  and  neutral  areas  also.  All  lines  which 
run  near  by,  or  cross  under  street  railway  tracks,  are  generally 
most  in  need  of  resistance  joints. 
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In  many  cases  where  there  is  good  reason  for  believing  that  the 
drop  of  potential  is  fairly  uniformly  distributed  throughout  the 
entire  region  in  which  the  insulating  joints  are  to  be  placed,  it  is 
sufficient  simply  to  determine  the  total  difference  of  potential 
between  the  ends  of  the  line  affected  and  use  this  value  in  deter- 
mining the  number  of  insulating  joints  that  are  needed  in  order 
that  the  drop  of  potential  across  each  joint  shall  not  exceed  a  pre- 
determined value.  It  usually  happens,  however,  that  the  poten- 
tial gradient  may  vary  greatly  in  diiferent  portions  of  the  line  and 
if  the  joints  were  uniformly  spaced  in  such  cases,  the  joints  would 
either  be  more  frequent  than  necessary  in  some  places,  or  too  few 
in  others,  and  the  condition  of  maximum  of  protection  at  a  mini- 
mum cost  would  not  be  realized.  This  condition  is  very  likely  to 
occur  where  a  pipe  line  runs  at  right  angles  to  railway  lines,  in 
which  case  the  potential  gradient  along  the  pipe  will  often  be 
many  times  greater  at  points  within  a  short  distance  on  either 
side  of  the  track  than  at  more  remote  places.  Other  conditions, 
such  as  the  presence  of  other  pipe  systems,  may  also  disturb  the 
uniformity  of  the  potential  drop. 

In  some  instances,  as  in  laying  new  lines  where  some  cheap  type 
of  joint  is  being  used,  it  may  often  be  less  expensive  to  allow  a 
liberal  factor  of  safety  and  install  enough  joints  to  be  safe  under 
any  conditions  that  may  arise;  but  in  other  cases,  as,  for  instance, 
where  insulating  joints  are  to  be  inserted  in  large  and  important 
mains  already  laid,  where  the  cost  of  each  joint  is  an  important 
matter  and  where  interruption  of  the  service  is  of  serious  moment, 
it  is  important  that  no  unnecessary  joints  be  used,  and  that  these 
be  so  placed  that  they  will  be  most  effective  in  reducing  current 
flow  in  the  pipes,  and  so  that  there  will  be  no  danger  of  developing 
a  high  enough  difference  of  potential  across  the  joint  to  cause 
trouble.  For  this  reason,  before  attempting  to  install  a  series  of 
insulating  joints  for  the  purpose  of  preventing  electrolysis  in  cases 
where  it  is  important  for  economic  or  other  reasons  to  use  as  few 
joints  as  possible,  it  is  important,  first,  to  make  a  careful  potential 
survey  of  the  district  to  be  affected  and  determine  the  magnitude 
of  the  potential  gradients  in  a  direction  parallel  to  the  pipe  Hues. 
This  will  enable  one  to  determine  in  advance  the  approximate 
number  of  joints  that  will  be  necessary  and  also  the  proper  loca- 
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tion  of  the  joints,  so  that  the  drop  of  potential  across  any  joint 
may  not  exceed  a  certain  amount. 

If  a  new  line  is  to  be  laid,  it  is  safe  to  assume  that  the  average 
potential  gradient  after  the  pipe  has  been  laid  will  not  differ  greatly 
from  that  which  prevails  beforehand,  provided  the  joints  are  used 
at  proper  intervals;  but  the  distribution  of  this  potential  gradient 
will  be  greatly  altered,  practically  all  of  the  fall  of  potential  occur- 
ring at  the  joints.  The  average  drop  of  potential  across  joints 
in  any  given  portion  of  the  line  will  be  approximately  equal  to  the 
total  drop  divided  by  the  number  of  joints.  When  insulating 
joints  are  to  be  placed  in  old  lines  it  is  well  to  bear  in  mind  that  the 
insertion  of  the  joints  in  the  pipe  will,  in  general,  increase  the  po- 
tential gradient  along  the  pipe  due  to  reduction  of  current  flow 
in  the  pipes.  This  increase  may  reach  as  much  as  100  per  cent 
or  more,  and  allowance  should  be  made  for  this. 

In  actually  measuring  the  potential  gradients  in  the  earth  special 
precautions  must  be  taken  if  trustworth}^  results  are  to  be  ob- 
tained. The  best  procedure  to  be  followed  in  work  of  this  sort 
is  discussed  in  detail  in  Technologic  Paper  No.  28  of  the  Bureau 
of  Standards,  entitled  ''Methods  of  making  electrolysis  surveys." 

After  a  series  of  joints  are  installed  the  only  method  of  deter- 
mining experimentally  whether  or  not  a  sufficient  number  of 
joints  has  been  installed  is  by  measuring  the  drop  of  potential 
across  each  joint  and  by  measining  current  flow  in  the  pipes.  If 
the  joints  are  too  few  in  number  in  any  locality,  there  will  be  too 
high  a  voltage  across  the  joints,  and  the  consequent  heavy  leakage 
current  may  injure  the  pipe  on  the  positive  side  of  the  joint. 

As  to  the  voltage  that  can  be  safely  permitted,  that  is  a  matter 
which  depends  on  a  variety  of  conditions,  such  as  the  nature  of  the 
soil,  kind  of  joint  used,  etc.,  and  can  only  be  roughly  indicated 
here.  Careful  observation  of  joints  under  average  conditions  for 
a  considerable  period,  together  with  experiments  to  be  described 
lajer,  indicate  that  in  cast-iron  mains  a  drop  across  the  joint  of 
from  0.1  to  0.4  volt  can  usually  be  regarded  as  safe,  while  in 
wrought-iron  pipes  a  voltage  not  exceeding  about  one-third  of 
these  values  should  be  allowed.  The  lower  limit  applies  to  pipes 
located  in  low,  wet  places  and  to  joints  having  a  short  leakage  path 
between  the  sections  of  the  pipe,  and  the  upper  Hmit  to  pipes  in 
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comparatively  dry  soils  and  to  joints  having  a  long  leakage  path. 
This  matter  of  the  length  of  the  leakage  path  around  the  joint  is 
an  important  one  and  is  treated  later  in  discussing  the  relative 
value  of  different  kinds  of  joints.  If  the  joints  used  have  not  a 
very  high  resistance,  as  when  leadite  is  used,  for  instance,  consid- 
erable current  may  flow  through  the  joints  without  making  a 
dangerous  drop  across  the  joint,  and  the  currents  thus  collected  in 
a  large  number  of  branch  lines  may  ultimately  be  carried  to  a  few 
lines  in  a  remote  quarter  and  there  give  rise  to  serious  damage. 
In  order  to  guard  against  this,  current  measurements  in  the  pipes 
should  also  be  made.  If  in  any  line  a  considerable  current  is  found 
to  be  flowing,  or  if  the  voltage  across  the  joints  exceeds  consid- 
erably the  limits  mentioned  above,  additional  joints  should  be 
installed,  or  measiu-es  should  be  taken  to  reduce  potential  drops 
in  the  railway  return  systems.  The  latter  course  should  be  fol- 
lowed where  practicable. 

One  of  the  problems  encountered  in  attempting  to  protect  a 
pipe  system  by  the  use  of  resistance  joints  is  the  effect  of  other 
pipe  systems  in  the  same  territory  not  so  protected.  Gas  and 
water  systems,  for  instance,  are  often  brought  into  metallic  con- 
tact with  each  other  in  many  places,  and  this  greatly  increases  the 
difficulty  of  protecting  either  system  alone  by  the  use  of  resistance 
joints.  This  difficulty  could  be  largely  avoided  by  inserting  an 
insulating  joint  in  the  service  pipe  inside  of  the  buildings  in  which 
metallic  connections  with  the  other  system  is  made.  This  would 
usually  be  expensive,  however,  and  there  are  other  complications 
which  are  not  so  easily  dealt  with;  where  an  uninsulated  pipe 
system  occupies  the  same  territory  with  an  insulated  system, 
isolated  cases  of  electrolysis  are  likely  to  occur. 

When  a  line  having  insulated  joints  must  be  connected  to  another 
line  not  so  insulated  trouble  may  be  experienced,  due  to  the  tend- 
ency to  develop  high  potential  drops  across  the  joints  in  such 
places,  particularly  if  the  insulated  pipe  line  is  at  a  potential  coi;i- 
siderably  different  from  that  of  the  earth,  either  positive  or  nega- 
tive. This  condition  is  especially  likely  to  occur  if  the  uninsulated 
main  is  connected  to  negative  return  feeders,  and  those  joints  near 
which  the  negative  feeders  are  attached,  are  often  subjected  to 
unavoidable  differences  of  potential  that  may  be  sufficient  to 
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destroy  the  joint  in  a  short  time.  For  this  reason  the  use  of  insu- 
lating joints  and  negative  return  feeders  in  the  same  system  should 
be  avoided. 

The  difference  of  potential  that  can  safely  be  permitted  across  a 
joint  presents  a  problem  of  great  importance  and  one  to  which 
comparatively  little  study  has  been  given.  Some  of  the  factors 
governing  this  are  mentioned  above  and  one  of  the  most  important 
of  these  is  the  type  of  joint  used.  It  is  well  recognized  that  the 
actual  damage  due  to  the  discharge  of  current  from  a  pipe  depends 
not  so  much  on  the  total  quantity  of  electricity  discharged  but 
mainly  on  the  distribution  of  the  discharge.  If  the  current  leaves 
the  pipe  uniformly  over  a  large  surface,  a  much  longer  period  must 
elapse  before  serious  damage  will  result  than  if  the  intensity  of 
current  discharge  is  much  greater  at  some  points  than  others,  so 
that  conditions  which  tend  to  prevent  concentration  of  discharge 
will  correspondingly  reduce  the  danger.  As  already  shown,  even 
pipes  provided  with  insulating  joints  will  carry  some  current,  and 
especially  if  the  joints  are  not  very  frequent;  and  since  with  high 
resistance  joints  most  of  this  current  must  leave  the  pipes  at  every 
joint,  it  becomes  important  to  determine  as  accurately  as  possible 
what  the  distribution  of  this  discharge  may  be  and  to  find  how  this 
distribution  may  be  made  most  nearly  uniform. 

{e)  Effect  of  Form  of  Joint  on  Distribution  of  Leakage. — To  deter- 
mine the  effect  of  the  form  of  the  insulating  joint  on  the  distribu- 
tion of  current  around  the  joint,  three  perfectly  insulating  joints 
were  made  of  4-inch  cast-iron  pipe,  one  a  bell  and  spigot  joint  with 
a  layer  of  paraffin  separating  the  pipe  sections,  the  second  a  butt 
joint  with  one-half  inch  of  paraffined  wood  separating  the  pipes, 
and  the  third  a  similar  butt  joint  with  5  inches  of  paraffined  wood 
between  the  pipes. 

The  pipes  in  succession  were  placed  coaxially  in  a  cylindrical 
tank  of  water  23  inches  in  diameter  and  32  inches  in  depth  with 
the  joint  near  the  center  of  the  tank.  The  arrangement  of  the 
apparatus  is  shown  in  Fig.  12.  The  bottom  of  the  tank  was  cov- 
ered with  a  layer  of  paraffin  and  the  end  of  the  pipe  rested  on  a 
glass  plate.  Rubber-covered  leads  attached  to  the  pipes  14  inches 
from  the  joints  permitted  the  impressing  of  any  desired  voltage  on 
the  joints. 
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An  L-shaped,  two-conductor  rubber  insulated  cable  was  lowered 
into  the  water,  the  plane  of  the  L  being  kept  radial  to  the  pipe 
and  the  end  of  the  L  bent  upward  so  that  the  line  joining  the 
exposed  ends  of  the  wires  at  the  terminus  of  the  L  was  normal  to 
the  surface  of  the  pipe.  Since  the  specific  resistance  of  the  water 
was  substantially  uniform  throughout,  the  potential  gradient  at 
any  point  was  proportional  to  the  intensity  of  the  current  at  that 
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Fig.  12. — Apparatus  Jor  determining  the  effect  of  the  form  of  insulating 
joint  on  current  distribution 

point;  hence  by  measuring  the  difference  of  potential  between 
the  two  exposed  ends  of  the  wires  when  placed  as  close  as  practi- 
cable to  the  surface  of  the  pipe  (about  0.04  inch),  a  measure  of 
the  current  density  was  obtained.  The  potential  gradients  thus 
obtained  at  any  point  divided  by  the  specific  resistance  of  the 
water  gave  the  intensity  of  current  at  that  point,  and  by  raising 
or  lowering  the  L  the  intensity  of  current  discharge  at  any  desired 
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point  could  be  found.  The  specific  resistance  of  the  water  used 
was  5620  ohms  per  centimeter  cube  which  is  about  the  mean  of 
that  of  a  large  number  of  samples  of  earth  taken  from  a  number 
of  cities.  It  was  necessary  to  impress  rather  high  voltages 'across 
the  joint  and  use  a  voltmeter  of  high-current  sensitivity  in  order 
that  the  pressure  readings  would  not  be  seriously  affected  by 
polarization  at  the  terminals.  From  20  to  about  100  volts  were 
used,  according  to  the  type  of  joint  under  test. 

The  results  of  the  tests  are  very  strikingly  shown  in  the  curves 
of  Fig.  13,  in  which  the  intensity  of  current  discharge  is  plotted 
as  a  function  of  the  distance  along  the  pipe  for  some  distance  on 
each  side  of  the  joint.  In  each  case  the  axis  of  the  pipe  is  taken 
as  the  zero  axis  of  current  and  positive  values  represent  flow  of 
cturent  away  from  the  pipe,  while  negative  values  represent  cur- 
rent returning  to  the  pipe.  For  convenience  in  making  compari- 
sons all  the  readings  are  reduced  to  values  corresponding  to  a 
difference  of  potential  of  20  volts  across  the  joint.  The  curves 
indicate  that  the  form  of  the  joint  has  a  most  decided  effect  on 
the  distribution  of  current  discharge.  The  bell  and  spigot  type 
shows  a  very  high  density  of  current  just  under  the  edgl  of  the 
bell,  indicating  a  very  high  rate  of  corrosion  at  that  point.  The 
butt  joint,  shown  at  the  bottom,  having  a  length  of  one-half  inch, 
shows  a  much  better  distribution  of  current,  the  maximum 
intensity  being  about  one-third  that  in  the  case  of  the  bell  and 
spigot  joint.  With  the  joint  5  inches  long,  still  further  reduction 
in  the  height  of  the  peak  is  shown,  the  maximum  intensity  of 
discharge  being  only  1 5  per  cent  of  that  of  the  bell  and  spigot  type. 

It  is  also  very  interesting  to  note  that  the  total  flow  of  current 
about  the  joint  does  not  differ  greatly  in  the  three  cases,  the 
resistances  of  the  leakage  path  being  68,  72,  and  87  ohms  in  the 
bell  and  spigot,  half-inch  and  5-inch  joints,  respectively.  Par- 
ticularly significant  is  the  comparison  of  the  two  butt  joints  in 
this  respect.  Although  one  is  ten  times  as  long  as  the  other  the 
resistance  of  the  leakage  path  is  increased  only  about  20  per  cent. 
This  shows  the  unwisdom  of  attempting  to  reduce  the  current 
flow  in  a  pipe  line  merely  by  increasing  the  length  of  a  few  joints. 
The  short  joints  are,  as  a  rule,  much  cheaper  and  easier  to  install 
and  they  can  therefore  be  installed  much  more  frequently  for  the 
same  total  cost. 
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As  a  rule,  therefore,  it  would  appear  preferable  in  installing  a 
line  of  insulating  joints  to  use  a  large  number  of  short  joints  rather 
than  a  few  long  ones,  as  in  this  way  the  current  in  the  pipes  can 
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Fig.  13. — Curves    showing    intensity    of    current    discharge    near 

insulating  joints 

be  kept  at  a  much  lower  volume,  and  the  relatively  large  number 
of  joints  will  usually  be  sufficient  to  prevent  any  serious  potential 
drop  across  the  joint.     In  some  cases,  however,  as  where  the  insu- 
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lating  joints  are  discontinued,  or  where  for  any  reason  it  is  neces- 
sary to  use  but  a  few  joints  or  to  put  them  in  places  where  high 
potential  differences  are  unavoidable,  the  above  tests  show  that  the 
long  joint  is  much  to  be  preferred,  because  of  its  effect  in  preventing 
great  concentration  of  current  discharge  near  the  edge  of  the  joint. 
Omng  to  the  possibility  that  polarization  effects  or  contact 
resistance  between  soil  and  pipe  might  seriously  affect  the  distri- 
bution of  current  flow,  the  following  experiment  was  carried  out 
with  a  view  of  checking  the  accuracy  of  the  deductions  made 
from  the  current  distribution  curves  of  Fig.  13.  For  this  purpose 
an  apparatus  w^as  made  up  like  that  shown  in  Fig.  14.  This  con- 
sisted of  an  insulating  joint  A,  made  of  paraffined  wood,  on  one 
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Fig.  14. — Insulating  joint  for  determining  distribution  of  corrosion  in  earth 

side  of  which  was  a  short  section  of  ordinary  wrought-iron  pipe 
B,  and  on  the  other  side  was  a  series  of  thin  circular  disks  C,  placed 
as  shown  in  the  figure.  These  disks  were  all  electrically  connected 
together,  so  that  they  were  at  the  same  potential.  The  object 
was  to  bury  the  joint  in  earth  and  impress  on  it  a  moderate 
potential  difference  with  the  thin  circular  disk  on  the  positive  side 
and  determine  the  relative  amount  of  corrosion  on  the  different 
disks  as  a  function  of  their  distance  from  the  insulating  joints  in 
order  to  see  how  this  compared  with  the  potential  distribution 
curve  around  the  joint  as  shown  in  Fig.  13.  Before  assembling, 
the  individual  disks  were  carefully  cleaned  and  weighed.  The 
joint  was  then  buried  in  the  earth  and  a  potential  difference  of  15 
volts  impressed  on  it  for  a  period  of  several  months  with  the  cir- 
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cular  disks  on  the  positive  side;  it  was  then  removed,  the  disks 
taken  apart,  carefully  cleaned  and  weighed,  as  before,  and  the 
loss  determined. 

The  result  of  the  test  is  shown  in  Fig.  15,  in  which  the  curve 
represents  the  loss  in  weight  of  the  disks  as  a  function  of  the  dis- 
tance from  the  insulating  joint.  By  comparing  the  shape  of  this 
curve  with  the  current  distribution  curves  of  Fig.  13  it  will  be 
seen  that  they  have  substantially  the  same  form,  which  shows 
that  the  method  used  in  determining  the  curves  in  Fig.  13  gives  a 
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Fig.  15. — Distribution  of  corrosion  near  insulating  joint 

current  distribution  which  is  substantially  the  same  as  that  which 

actually  occurred  in  the  case  of  the  insulating  joint  buried  in  soil. 

(/)  Limiting  Safe  Potential  Drops  on  Insulating  Joints. — The 

above  results  furnish  also  a  basis  upon  which  can  be  made  a 

roughly  approximate  determination  of  the  voltage  drop  which 

may  be  permitted  across  a  joint  of  the  type  tested.     It  can  be 

shown  that  the  rate  at  which  corrosion  will  penetrate  the  iron  is 

C     P 
given  by  the  formula  L  =  ^X-^,  where  L  is  the  rate  at  which  the 
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corrosion  penetrates  the  iron  expressed  in  centimeters  per  year,  C 

is  the  electrochemical  equivalent  of  iron,  D  its  density,  P  the 

average  potential  gradient  in  volts  per  centimeter  normal  to  the 

pipe  at  the  point  considered,  and  5"  is  the  specific  resistance  of  the 

soil  in  ohms  per  centimeter  cube.     The  assumption  is  here  made 

that  the  coefficient  of  corrosion  is  100  per  cent.     For  cast  iron  the 

C  . 
value  of  Y)  is  about  1280,  and  the  equation  becomes 

P 
L=i28o     .     -7-. 

Assuming  5600  ohms  per  centimeter  cube  as  the  average  specific 
resistance  of  the  soil  and  a  drop  of  potential  of  0.4  volt  across  the 
joint  and  determining  from  the  curves  in  Fig.  13  the  maximum 
current  intensity  reduced  to  this  voltage,  we  get  as  the  maximum 
rate  of  penetration  of  the  corrosion  in  inches  per  year: 

Inches  per  year 

Bell  and  spigot  joint o.  034 

One-half  inch  wood  joint 009 

Five-inch  wood  joint 004 

The  time  required  for  the  corrosion  to  penetrate  clear  through 
a  pipe  one-half  inch  thick  containing  these  joints  is  therefore  as 
follows : 

Years 
Bell  and  spigot 14.  7 

One-half  inch  wood 53-4 

Five-inch  wood 121 

The  permissible  drop  across  a  joint  in  one-half  inch  cast-iron 
pipe  for  a  life  of  40  years  is  as  follows : 

"V^olts 

Bell  and  spigot  joint o.  147 

■  One-half  inch  wood 53 

Five-inch  wood i.  22 

In  considering  these  figures  it  is  well  to  remember  that  the  cor- 
rosion here  indicated  is  that  due  to  electrolysis  and  is  in  addition 
to  the  self-corrosion  that  may  also  occur.  It  should  be  added 
that  we  have  found  the  specific  resistance  of  soils  to  be  in  some 
cases  as  low  as  one-tenth  of  the  value  used  in  these  calculations 
so  that  under  practical  conditions  the  rate  of  corrosion  may  be 
several  times  that  computed  above.  Further,  the  effect  of  surface 
resistance  due  to  paints,  etc.,  and  the  effects  of  polarization  under 
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low  voltages  are  not  here  considered,  so  that  considerable  varia- 
tions from  the  calculated  values  may  be  expected.  These  calcu- 
lations are  of  value  only  in  that  they  indicate  that  a  drop  of 
potential  across  a  short  joint  can  hardly  be  considered  safe  if  it 
exceeds  a  few  tenths  of  a  volt  even  under  the  best  conditions,  and 
that  much  can  be  gained  by  the  use  of  a  long  leakage  path  where 
the  voltage  at  each  joint  is  necessarily  high.  This  problem  is  an 
important  one  and  much  additional  work  remains  to  be  done  in 
this  direction. 

{g)  Types  of  Insulating  Joints  Available. — It  is  well  to  call  atten- 
tion at  this  point  to  some  of  the  various  types  of  insulating  joints 
that  are  now  in  use.     These  may  be  divided  into  four  classes,  viz : 
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Fig.  i6. — Dresser  coupling 

(i)  Clamped  joints,  using  a  rubber  gasket  or  other  insulating  ma- 
terial to  make  a  tight  joint  and  provide  the  insulating  section; 
(2)  wooden  joints,  including  wood-stave  pipe  sections;  (3)  cement 
joints,  of  which  there  are  various  types;  and  (4)  leadite  joints. 

The  first  of  these,  exemplified  by  the  well-known  Dresser  cou- 
pling, is  quite  extensively  used  for  the  purpose  of  securing  gas- 
tight  joints,  and  some  types  of  these  are  designed  also  to  give 
insulating  joints.  When  properly  designed  and  installed,  it  gives 
a  very  high-resistance  joint,  and  has  been  very  effectively  used 
in  a  number  of  instances  for  the  purpose  of  reducing  the  flow  of 
current  in  the  pipes.  The  construction  of  one  form  of  Dresser 
coupling,  known  as  the  divided  center  ring  insulating  coupling, 
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is  shown  in  Fig.  16.  This  makes  a  very  satisfactory  insulating 
joint  for  most  purposes,  although  it  may,  under  bad  voltage  con- 
ditions, be  liable  to  injury  because  of  the  relatively  short  leakage 
path,  the  importance  of  which  has  already  been  discussed.  Under 
most  circumstances,  where  the  local  potential  gradients  are  not 
too  high,  this  should  cause  no  trouble.  Some  trouble  has  been 
reported  where  these  couplings  have  been  used  on  artificial  gas 
mains,  owing  to  the  deleterious  effect  of  the  gas  on  the  rubber 
gaskets.  They  do  not  appear  to  be  affected  by  natural  gas,  how- 
ever, and  in  such  mains  they  appear  to  show  a  satisfactory  life. 
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Fig.  17. — Wood  stave  joint  used  by  the  Pennsylvania  Water  Co. 

Of  the  wooden  joints,  numerous  modifications  are  in  use.  One 
type  used  by  the  Pennsylvania  Water  Co.  is  shown  in  Fig.  17, 
which  is  self-explanatory.  This  joint  has  a  high  electrical  resist- 
ance and  is  particularly  adapted  for  use  in  places  where  only  one 
or  at  most  a  few  joints  are  installed  and  the  drop  of  potential 
across  the  joint  is  likely  to  be  high.  The  great  length  of  the  joint 
is  very  effective  in  causing  any  leakage  current  around  the  joint 
to  distribute  itself  over  a  considerable  length  of  adjoining  pipe,  as 
pointed  out  above,  and  thus  prevents  concentration  of  electrolysis 
at  the  edge  of  the  joint. 

Another  type  of  wood-stave  joint  is  shown  in  Fig.  18.  The 
spiral  steel  band  used  in  this  construction  would  have  the  effect 
of  materially  shortening  the  leakage  path,  and  while  it  would  have 
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ample  resistance  to  serve  as  an  insulating  joint  under  most  circum- 
stances, it  could  not  safely  withstand  as  high  a  drop  of  potential 
across  the  joint  as  the  one  previously  described. 
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Fig.  i8. — Construction  of  Wyckoff  stave  pipe,  showing  connection  to  iron  pipe 

The  Metropolitan  Water  Board  of  Boston  has  used  a  type  of 
wooden  joint  shown  in  Fig.  19.  This  joint  is  simple  in  construc- 
tion, consisting  of  a  one-half  inch  wooden  liner  made  of  overlapping 
sections  of  wood,  the  ring  thus  formed  being  wound  with  canvas 
impregnated  with  paraffin.  The  purpose  of  this  is  to  prevent 
possible  metallic  contact  between  the  ends  of  the  pipes.     The 
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Fig.  19. — Type  of  insulating  joint  used  by  Metropolitan  Water  Board  of  Boston. 

wooden  staves  are  of  clear  white  pine,  planed  to  fit  the  curvature 
of  the  pipe,  and  are  driven  in  by  a  special  driver  to  prevent  splinter- 
ing.    Any  leaks  that  may  develop  are  stopped  with  white-pine 
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wedges.  These  joints  have  been  found  to  be  very  satisfactory  up 
to  about  75  pounds  pressure.  Higher  pressures  sometimes  cause 
moderate  leakage  through  pores  of  the  wood,  and  this  has  been 
overcome  by  dipping  the  inner  ends  of  the  staves  in  red  lead.  In 
some  cases  the  staves  are  reinforced  by  an  iron  band  clamped 
around  the  spigot  end  of  the  pipe.  Usually  a  slight  change  is  made 
in  the  castings  where  this  joint  is  to  be  inserted,  the  spigot  end 
being  cast  without  bead  and  the  inside  of  the  bell  smooth  without 
groove. 

The  cost  of  these  joints  has  been  given  as  ranging  from  $5  to 
$12  when  installed  in  new  lines,  but  when  installed  in  old  mains 
the  cost  would  be  much  higher.     The  resistance  of  this  joint  is 
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Fig.  20. — Cement  joint  used  by  Cambridge  Gas  Light  Co. 

ample  under  all  circumstances  that  may  arise,  but  the  relatively 
short  leakage  path  would  often  make  it  necessary  to  use  the  joint 
with  greater  frequency  than  would  be  necessary  with  joints  having 
a  long  leakage  path. 

Cement  joints  have  been  given  a  variety  of  forms,  and  one 
which  has  been  used  successfully  for  years  by  the  Cambridge  Gas 
Light  Co.  is  shown  in  Fig.  20.  In  making  this  joint  the  inner 
ring  of  hemp  is  chosen  exactly  the  right  size  to  fill  the  annular 
space  between  bell  and  spigot,  and  this  is  rolled  in  when  the  pipes 
are  set  together  and  driven  hard  with  the  calking  tool.  As  usually 
made  by  the  Cambridge  company  no  special  attempt  is  made  to 
keep  the  metal  of  the  two  adjacent  lengths  of  pipe  apart;  not- 
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withstanding  this  fact,  the  resistance  of  the  joints  has,  on  the 
whole,  been  high  enough  to  prevent  the  accumulation  of  any  con- 
siderable amounts  of  stray  currents,  and  as  a  consequence  this 
system  has  never  been  troubled  by  electrolysis,  although  the  pipes 
of  the  Cambridge  Water  Co.  are  said  to  have  suffered  severely. 

After  thoroughly  tamping  the  ring  of  hemp  into  place  the 
cement  is  carefully  worked  into  the  joint  with  trowel  and  calking 
tool  until  the  space  between  bell  and  spigot  is  filled  flush  with  the 
face  of  the  bell.  Another  turn  of  hemp  the  same  as  the  first  is 
then  laid  against  the  cement  and  driven  in  with  the  calking  tool 
just  under  the  edge  of  the  bell.  The  cement  is  in  this  way  ren- 
dered very  compact,  and  it  is  claimed  that  on  this  feature  depends 
in  large  measure  success  of  the  joint.  A  collar  of  cement  is  finally 
laid  over  the  outer  ring  of  hemp  to  protect  it  from  rot.  If  success 
is  to  be  achieved  with  this  joint,  great  care  must  be  exercised  in 
the  making  of  the  joints.  Perfect  cleanliness  of  the  inside  of  the 
bell  and  outside  of  the  spigot  is  necessary,  and  all  loose  scale  and 
sand  should  be  removed  before  the  cement  is  put  in  place.  Only 
the  best  quality  of  cement  should  be  used  and  this  should  be 
thoroughly  mixed  and  tamped  into  the  joint  with  the  greatest  care. 

In  some  cases  careful  bedding  of  the  pipes  is  important,  as  the 
cement  joint  is  much  less  yielding  than  lead,  and  if  any  consider- 
able lateral  movement  of  the  pipes  takes  place  it  is  liable  to  break 
the  pipe,  the  strength  of  a  well-made  joint  being  as  a  rule  greater 
than  that  of  the  pipe  itself.  In  some  instances,  instead  of  making 
every  joint  of  cement,  every  third  or  fourth  joint  only  is  made  of 
cement,  the  others  being  lead.  Except  in  extreme  cases  this 
seems  likely  to  prove  practically  as  effective  in  minimizing  elec- 
trolysis troubles,  and  it  has  the  great  advantage  that  the  lead  joints 
im^part  a  flexibility  to  the  system  that  will  greatly  reduce  troubles 
due  to  lateral  motion  of  the  pipes. 

The  principal  defect  of  the  joint  just  described  from  the  point  of 
view  of  protection  against  electrolysis  lies  in  the  fact  that  no  provi- 
sion is  made  for  preventing  metallic  contact  between  the  bell  and 
spigot  end  of  the  pipe.  In  order  to  guard  against  this  a  modified 
construction,  shown  in  Fig.  21,  can  be  used.  This  is  the  same  as 
Fig.  20  except  that  an  insulating  ring  A  of  rubber  or  fiber  or  other 
suitable  material  is  inserted  to  prevent  actual  metallic  contact 
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between  the  ends  of  the  pipe.  Such  a  joint  should  answer  all 
requirements  for  ordinary  service  where  joints  are  used  at  very 
frequent  intervals,  so  that  the  drop  of  potential  across  the  joint 
is  not  great  enough  to  require  a  long  leakage  path. 

The  use  of  leadite  for  joints  has  been  confined  chiefly  to  water 
mains,  and  for  such  service  some  prefer  it  to  any  other  material, 
although  it  has  not  always  met  with  favor.  This  material  is 
melted  and  run  into  the  joint  after  the  manner  of  a  poured-lead 
joint.  It  is  cheaper  than  lead  and  some  claim  that  it  makes  a 
better  joint  mechanically,  but  many  dissent  from  this  view.  It 
often  happens  that  when  the  joints  are  first  made  a  large  pro- 
portion of  them  will  show  considerable  leakage,  but  in  the  presence 
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Fig.  21. — Cement  joint 
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of  water  they  seem  to  have  a  tendency  to  seal  themselves  up  and 
the  leaks  will  usually  cease  entirely  within  a  day  or  two. 

It  is  very  important  to  see  that  a  dense  mass  completely  fills 
the  joint,  and  it  is  lack  of  care  in  this  respect  that  is  probably 
responsible  for  most  of  the  trouble  with  leaky  joints.  The  runner 
used  in  pouring  the  joint  should  be  so  designed  that  there  will  be 
a  head  of  8  to  10  inches  above  the  joint.  If  the  material  is  at 
proper  temperature  this  head  is  usually  sufficient  to  insure  a  dense 
homogeneous  mass  of  leadite  in  the  joint.  As  already  noted,  the 
resistance  of  leadite  is  very  high  when  first  run,  but  after  lying  in 
the  ground  for  some  time  its  resistance  decreases  greatly,  and 
imtil  further  experience  has  been  had  we  would  not  recommend 
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them  unreservedly  as  suitable  for  preventing  electrolysis,  although 
they  may  be  foimd  valuable  for  this  purpose. 

{h)  Increasing  the  Length  of  Leakage  Path  Around  Joint. — 
Inasmuch  as  short  insulating  joints  are  much  easier  and  cheaper 
to  build  than  long  joints,  it  is  well  to  discuss  here  some  possible 
means  whereby  a  long  leakage  path  may  be  given  to  a  short 
insulating  joint  and  thus  combine  in  one  joint  a  certain  measure 
of  the  economy  and  ease  of  construction  of  the  short  joint  and  the 
greater  protective  tendency  of  the  long  joint.  A  joint  embodying 
these  features  is  shown  diagrammatically  in  Fig.  22.  In  this  case 
the  insulating  joint  proper  between  the  bell  and  spigot  is  made 
with  cement  in  the  usual  way,  care  being  taken  to  prevent  metallic 
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Fig.  22. — Cement  joint  with  long  leakage  path 

contact  between  the  ends  of  the  pipes.  After  the  joint  is  finished, 
the  ends  of  the  pipe  adjacent  to  the  joint  for  a  foot  or  two,  on 
either  side  of  the  joint,  or  farther  if  the  voltage  drop  is  likely  to 
be  high,  is  painted  over  with  a  coat  of  pitch  applied  hot,  and  over 
this  is  wound  a  band  of  paper,  cloth,  or  other  fabric,  which  in  turn 
is  painted  over  with  another  coat  of  pitch,  and  so  on  until  a  layer  of 
from  I  to  2  inches  thick  is  obtained. 

The  expense  of  applying  a  coating  of  this  character  over  a  short 
length  of  pipe  is  small,  and  laboratory  tests  indicate  that  if  care- 
fully applied  and  made  an  inch  or  two  in  thickness  it  can  be  relied 
upon  to  remain  effective  for  a  number  of  years  at  least.  That  its 
life  is  limited,  however,  is  indicated  by  the  tests  referred  to  in  the 
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early  part  of  this  paper,  which  shows  that  moisture  will  slowly  but 
surely  penetrate  the  coating  and  when  it  finally  reaches  the 
surface  of  the  pipe  electrolysis  begins  and  ultimately  destroys  the 
coating.  The  thicker  the  coating  is  made  the  longer  tim.e  will  be 
required  for  moisture  to  penetrate  it  and  because  of  the  higher 
resistance  the  slower  will  be  the  electrolytic  action,  even  after  the 
current  path  through  the  coating  is  established.  Such  a  coating, 
if  made  an  inch  or  more  in  thickness,  would  undoubtedly  last  in 
most  cases  as  long  as  the  pipe  itself. 

Another  method  of  increasing  the  length  of  the  leakage  path 
around  an  insulating  joint  consists  in  surrounding  the  joint  with 
a  wooden  trough  several  feet  long  and  leaving  a  space  of  several 
inches  on  all  sides  of  the  pipe,  this  space  being  filled  with  pitch. 
This  makes  a  very  permanent  insulating  section  and  can  be  made 
as  long  as  desired. 

Direct  Taps  Between  Pipes  and  Roils 

Tracks  
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Ripe   Line 
Fig.  23 
9.  PIPE  DRAINAGE  s 


The  system,  of  electrolysis  mitigation  which  has  receiyed  wider 
application  in  this  country  than  any  other  method  is  that  which 
is  best  characterized  as  the  ;[^ipe-drainage  system.  The  essential 
features  of  this  system  consist  in  connecting  conductors  to  the 
pipe  system  in  the  vicinity  of  the  power  stations  or  at  other 
points  where  the  pipes  tend  to  become  positive  to  the  earth  to 
take  the  current  off  through  these  conductors  instead  of  per- 
mitting it  to  discharge  directly  into  the  earth. 

(a)  Methods  of  Draining  Pipes. — Several  forms  of  this  system 
have  been  used.  The  simplest  is  that  illustrated  in  Fig.  23.  It 
consists  simply  in  connecting  short  taps  between  pipe  systems 
and  railway  track  where  the  two  run  in  close  proximity  to  each 

^  This  section  revised  March,  1918. 
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other  and  where  the  pipes  are  positive  to  the  tracks.  As  a  rule, 
the  procedure  in  instaUing  these  taps  has  been  to  make  a  voltage 
survey  throughout  the  affected  district,  and  wherever  the  pipes 
are  found  to  be  strongly  positive  to  the  tracks  a  tie  is  put  in  con- 
necting the  pipes  and  tracks  together,  the  intention  being  to 
install  these  ties  at  sufficiently  frequent  intervals  to  bring  the 
pipe  and  track  systems  to  practically  the  same  potential  through- 
out. 

This  system  requires  a  minimum  amount  of  copper  but  does 
not  ordinarily  permit  of  inspection,  supervision,  measmrement, 
or  control  of  current  on  the  ties.  It  may  be  characterized  as 
a  blind  system  concerning  which  little  is  known  after  it  is  once 
installed.     Unless  very  careful  records  are  kept,  it  is  practically 
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impossible  to  locate  all  such  ties  if  in  after  years  it  is  desired 
to  remove  them  for  any  cause. 

Another  difficulty  with  this  system  of  multiple  connections 
lies  in  the  fact  that  the  drop  of  potential  on  the  pipes  is  always 
equal  to  the  potential  drop  on  the  railway  negative  return  be- 
tween any  points  of  connection  to  the  track,  and  unless  special 
precautions  are  taken  to  make  the  drop  of  potential  in  the  rail- 
way tracks  very  low,  this  v/ill  necessarily  lead  to  heavy  current 
flow  in  the  pipe,  thus  possibly  giving  rise  to  troubles  as  described 
below. 

In  order  to  overcome  certain  of  the  objections  mentioned 
above,  several  modifications  have  been  proposed,  two  of  which 
are  shown  in  Figs.  24  and  25.  In  both  of  these  systems  the 
primary  object  is  to  control  and  limit  the  drainage  current.     In 
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the  first  arrangement  instead  of  tying  the  pipes  directly  to  the 
tracks  at  frequent  intervals  a  copper  cable  is  run  from  the  nega- 
tive bus  along  the  pipe  line  and  tapped  to  it  at  frequent  intervals 
by  taps,  a,  a.  This  has  the  advantage  over  the  system  just 
described  in  that  the  pipe  system  is  entirely  independent  of  the 
tracks,  so  that  the  bad  joints  either  in  pipe  or  tracks  between 
taps  would  in  most  cases  be  less  serious. 

The  total  current  drawn  from  the  pipes  can  be  controlled  by 
installation  of  the  booster  B  in  series  with  a  negative  feeder  at  the 
power  house  or,  to  some  extent,  by  varying  the  resistance  of  the 
cable.  Here,  as  in  the  preceding  case,  it  is  not  practicable  to  con- 
trol the  distribution  between  the  different  sections  of  the  pipe. 
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The  control  of  the  total  current  by  means  of  the  booster  will, 
however,  be  objectionable  because  of  the  complication  and  cost 
of  the  necessary  booster  equipment. 

Another  objection  to  this  form  of  pipe  drainage  lies  in  the  fact 
that  the  potential  gradient  on  the  pipe  is  the  same  as  on  the  nega- 
tive feeder,  and  because  of  this  the  current  density  in  the  copper 
cable  will  be  very  low  unless  the  potential  gradients  along  the 
pipe  system  is  objectionably  high.  The  result  would  be  a  very 
uneconomical  use  of  copper,  leading  to  high  cost  of  installation  in 
comparison  with  the  benefits  obtained. 

In  order  to  overcome  certain  of  the  objections  mentioned  above 
the  modification  shown  in  Fig.  25  might  be  used,  although  so  far 
as  we  are  aware,  a  system  embodying  these  features  has  not  here- 
tofore been  installed.  In  this  case  a  cable  is  run  along  the  pipe 
line  as  before,  but  instead  of  tying  the  cable  directly  to  the  pipe 
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line  at  frequent  intervals,  a  direct  connection  to  the  pipe  is  made 
at  the  extreme  end  of  the  cable,  a,  and  then  at  intermediate  points 
h,b,  connections  are  made  between  the  cable  and  the  pipe  through 
suitably  designed  resistance  taps. 

It  is  possible  by  properly  adjusting  these  resistances  to  secure 
a  fairly  equal  distribution  of  current  between  the  different  taps 
regardless  of  the  size  of  the  feeder  cable.  Irt  this  way  a  better 
distribution  of  the  current  in  the  pipe  system  can  be  secured 
whereby  a  heavy  current  on  the  pipes  at  any  point  can  be  to  a 
large  extent  avoided  and  at  the  same  time  the  copper  cable  can  be 
designed  for  maxinumi  economy,  and  this  greatly  cheapens  the 
installation.     The  method  of  pipe  drainage  most  commonly  em- 
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ployed  is  that  shown  in  Fig.  26.  In  this  case  the  different  feeders 
are  designed  to  have  practically  the  same  resistance  so  that  sub- 
stantially the  same  current  will  flow  in  each  one  without  any 
great  difference  of  potential  between  the  points  at  which  they 
are  connected  to  the  tracks  and,  subject  to  this  condition,  the 
feeders  are  designed  to  give  maximum  copper  economy.  This, 
as  a  rule,  involves  a  much  greater  drop  on  the  feeders  than  is 
permissible  along  the  tracks,  and  in  order  to  prevent  a  large 
difference  of  potential  between  pipes  and  tracks  near  power 
house,  and  also  to  secure  the  necessary  drop  of  potential  to  force 
the  desired  current  over  the  drainage  cables,  a  resistance  tap  C 
is  installed  the  same  as  in  Fig.  25.  Where  the  resistance  tap  C 
is  not  employed,  the  drainage  feeders  should  not  be  proportioned 
for  equal  resistance,  but  for  approximately  equal  current  flow. 
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(6)  Objections  to  Pipe  Drainage. — An  objection  which  is  inherent 
to  pipe  drainage  is  the  fact  that  whichever  form  of  it  may  be 
apphed,  it  will  necessarily  increase  to  a  greater  or  less  extent  the 
amount  of  current  carried  by  the  pipes. 

Another  objection  is  the  possibility  of  damage  at  high-resistance 
joints.  Lead-calked  joints  in  cast-iron  pipe  lines  sometimes 
develop  comparatively  high  resistances,  and  if  any  considerable 
amount  of  current  is  flowing  on  the  pipes,  the  drop  on  these  high- 
resistance  joints  may  become  so  great  that  the  leakage  current 
about  the  joint  will  be  sufficient  to  cause  rapid  destruction  of  the 
pipe  on  the  positive  side  of  the  joint.  The  term  *'  high  resistance," 
as  here  applied  to  pipe  joints  is  used  in  a  relative  and  not  an 
absolute  sense.  A  joint  is  said  to  have  developed  a  high  resistance 
when  its  resistance  is  considerably  higher  than  the  normal  or 
average  resistance  of  similar  joints,  although,  as  compared  with 
cement  joints,  or  specially  prepared  insulating  joints,  it  may 
exhibit  a  very  low  resistance.  Such  joints  may  present  consider- 
able resistance  to  the  flow  of  current  on  pipes  and  still  transmit 
the  current  with  very  little  destructive  leakage,  particularly 
in  dry  or  otherwise  high-resistance  earth.  The  resistance  of  the 
leaded  joints  on  any  particular  pipe  line  has,  in  general,  been  found 
to  be  uniformly  low,  although  occasional  joints  of  exceptionally 
high  resistance  are  to  be  found  in  any  piping  system.  A  very 
different  condition  is  established  where  an  occasional  cement  or 
other  type  of  high-resistance  joint  is  inserted  in  a  pipe  line.  If  only 
a  few  such  joints  exist  in  a  pipe  line  carrying  a  large  current,  they 
will  have  but  little  effect  in  limiting  the  current  flow,  and  serious 
corrosion  may,  therefore,  take  place  on  the  positive  side  of  the  joint. 

Recent  investigations  of  the  Bureau  in  a  number  of  cities,  and 
inquiry  and  observations  in  connection  with  field  surveys,  have 
failed  to  bring  to  light,  with  few  exceptions,  any  serious  cases 
clearly  attributable  to  joint  electrolysis.  In  these  investigations, 
tests  for  high-resistance  joints  were  made  over  thousands  of  feet 
of  pipe  and  those  joints  found  to  be  of  comparatively  high  resistance 
were  uncovered  and  examined.  A  few  joints  were  found  which 
showed  corrosion  on  the  positive  side,  but  in  most  cases  not  to 
such  an  extent  as  to  shorten  materially  the  life  of  the  pipe.  These 
investigations,  taken  by  themselves,  would  tend  to  indicate  that 
joint  electrolysis  is  not  so  serious  a  matter  as  has  been  supposed. 
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It  must  be  remembered,  however,  that  the  above  evidence  is  of  a 
negative  character  and  can  not  be  considered  as  conclsuive. 
The  subject  is  still  under  investigation  and  will  be  taken  up  in 
subsequent  reports. 

Another  objection  to  pipe  drainage  which  must  be  reckoned 
with  is  the  increased  hazard  from  gas  explosions,  which  exists 
whenever  a  gas  pipe  carrying  an  electric  current  is  opened  for 
repair  or  other  reasons.  To  guard  against  this  danger  it  is  desir- 
able to  connect  a  copper  wire  or  bond  across  the  proposed  break  in 
any  gas  pipe  to  which  drainage  is  applied.  Failure  to  provide  such 
a  bond,  or  the  accidental  opening  of  the  bond  while  the  continuity 
of  the  pipe  is  interrupted,  is  liable  to  ignite  escaping  gas,  with 
possible  dangerous  results  to  life  and  property. 

One  of  the  most  serious  objections  to  pipe  drainage  is  to  be 
found  in  the  interchange  of  current  between  underground  struc- 
tures, resulting  from  unequal  drainage.  The  drainage  of  one 
system  of  pipes  will,  of  course,  lower  its  potential  with  respect 
to  neighboring  metallic  structures,  thereby  tending  to  injure 
the  latter.  This  calls  for  drainage  of  the  injured  system  which  may, 
in  turn,  damage  the  first  or  other  structures,  and  a  competitive 
system  of  drainage  is  thereby  established.  This  competitive 
condition  might,  to  a  large  extent,  be  prevented  by  a  system 
of  unified  drainage,  whereby  all  underground  structures  in  the 
community  are  drained  as  a  unit  and  not  independently  by  the 
several  operating  companies.  Even  if  it  were  possible  to  em- 
ploy such  a  system  of  drainage,  it  would  be  practically  impossible 
to  locate  and  eliminate  all  points  of  hazard.  The  danger  of 
interchange  of  current  betv/een  pipes  and  cable  systems  is  not 
as  great  as  betv/een  two  different  piping  systems,  such  as  water 
and  gas,  or  two  different  water  systems.  The  reason  for  this  is 
to  be  found  in  the  high  resistance  of  the  ducts  which  usually 
surround  lead  cables.  Concrete,  fiber,  and  vitrified  clay  ducts 
are  of  such  high-resistance  materials,  and  the  cables  make  con- 
tact with  them  over  such  a  limited  area  that  the  chance  for 
leakage  to  or  from  a  pipe  outside  of  the  conduit  is  considerably 
reduced,  unless  such  ducts  are  filled  with  water.  Under  such 
conditions,  or  where  in  metal  ducts,  the  drainage  of  lead  cables 
beyond  that  necessary  for  protection  is  quite  as  objectionable 
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from  the  standpoint  of  the  safety  of  adjoining  metalHc  structures 
as  the  drainage  of  underground  pipes. 

A  fundamental  objection  to  pipe- drainage  systems,  however — 
and  this  appHes  to  all  methods  applied  only  to  the  pipe  systems — 
is  the  fact  that  they  tend  only  to  relieve  the  trouble  rather  than 
to  remove  the  cause  of  it.  In  general,  our  study  of  the  pipe- 
drainage  method  has  convinced  us  that  while  it  can  under  certain 
conditions  be  used  to  advantage  as  a  secondary  means  of  lessening 
the  trouble,  its  installation  in  connection  with  most  city  networks 
as  a  principal  means  of  electrolysis  mitigation  is  an  unwise 
procedure. 

If  the  conditions  are  such  that  the  potential  gradients  and 
overall  drops  on  the  track  network  can  not,  without  too  great 
expense,  be  reduced  to  sufficiently  low  values  by  some  primary 
means  of  electrolysis  mitigation,  properly  restricted  pipe  drain- 
age may  be  used  as  a  supplementary  means  of  protection,  in 
order  to  conduct  the  small  remaining  amount  of  stray  current 
from  the  underground  structures.  This  drainage  should  always 
be  done  under  the  supervision  of  a  single  authority  or  of  a  commit- 
tee composed  of  representatives  of  the  various  utilities  concerned, 
so  as  to  eliminate  as  much  as  possible  competitive  drainage  and 
to  limit  the  amount  of  current  drained  from  the  different  under- 
ground strucutres  to  a  minimum  consistent  with  their  protec- 
tion. We  would  point  out,  however,  that  there  are  special  cases — 
such,  for  example,  as  that  afforded  by  an  interurban  line  parallel- 
ing water  mains  connected  only  to  small  networks — in  which 
most  of  the  objections  mentioned  above  in  connection  with  pipe 
drainage  do  not  apply,  and  where  neither  insulated  negative 
feeders  nor  the  three-wire  system  would  be  feasible.  In  such 
cases  pipe  drainage  may  offer  the  best  means  of  dealing  with  the 
problem. 

10.  SUMMARY  OF  DISCUSSION  OF  METHODS  OF  MITIGATION  APPLICABLE 

TO  PIPES 

The  discussion  presented  above  relating  to  methods  of  mitiga- 
tion applicable  to  pipe  systems  leads  to  the  conclusion  that  of  the 
various  methods  that  have  been  tried  none  are  suitable  for  general 
use  as  primary  means  of  preventing  electrolysis  troubles.  The 
methods  of  chemical  protection,  cement  coatings,  cathodic  pro- 
tection, and  conducting  coatings  should  be  regarded  as  substan- 
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tially  worthless  in  their  present  state  of  development.  Surface 
insulation  of  pipes  by  means  of  paints  or  dips  is  not  much  more 
reliable,  but  insulation  by  putting  the  pipes  in  troughs  or  conduits 
filled  with  pitch  may  be  used  in  special  cases  where  the  expense 
would  be  justified.  The  practice  of  placing  all  pipes  as  far  as 
possible  from  railway  tracks  affords  a  certain  measure  of  protection 
of  which  advantage  should  always  be  taken  wherever  practicable 
in  laying  new  lines  or  relaying  old  ones,  and  the  use  of  electric 
screens  is  often  a  valuable  expedient  in  taking  care  of  acute  local 
cases  of  trouble  in  existing  mains.  These  methods,  with  the 
exception  of  that  relating  to  the  proper  location  of  pipes  in  new 
work,  are  suited  only  to  special  conditions,  however,  and  are  not 
usually  to  be  considered  as  important  factors  in  any  general  plan 
for  electrolysis  mitigation. 

Pipe  drainage  is  sometimes  useful  but  should  be  used  with 
proper  restriction  and  with  due  precautions  against  setting  up  any 
dangerous  condition  either  in  the  system  drained  or  in  neighboring 
systems.  In  general,  in  city  networks  where  there  are  a  number 
of  independent  underground  systems  to  be  protected,  pipe  drainage 
should  be  used  as  little  as  possible,  the  chief  reliance  being  placed 
on  mitigative  measures  applied  to  the  railway  negative  return. 
The  drainage  of  lead  cable  systems  will,  however,  usually  be 
desirable,  but  these  should  always  be  drained  by  means  of  suitable 
insulated-feeder  systems  so  arranged  as  to  drain  the  least  prac- 
ticable current  from  the  cables  in  order  that  neighboring  struc- 
tures may  not  be  subjected  to  unnecessary  danger  thereby.  The 
most  valuable  mitigative  measure  that  can  be  applied  to  pipe 
systems  consists  in  the  proper  use  of  insulating  joints,  and  the 
extensive  use  of  such  joints  should  be  encouraged  in  new  work 
and  in  making  repairs.  Precautions  are  necessary  in  their  use, 
however,  as  set  forth  in  the  preceding  discussion. 

None  of  the  methods  of  mitigation  available  for  application  to 
pipe  systems  are,  except  in  special  cases,  to  be  recommended  as 
principal  means  of  mitigation,  but  rather  as  auxiliary  or  emergency 
measures,  which  may  be  used  in  connection  with,  and  supple- 
mentary to,  measures  applied  to  the  railway  return  systems  for 
reducing  stray  currents  to  the  lowest  practicable  minimum. 
Methods  for  accomplishing  this  end  will  be  discussed  in  the  next 
section. 
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IV.  METHODS  OF  MITIGATION  APPLICABLE  TO    RAILWAY 

NEGATIVE  RETURN 

None  of  the  systems  of  electrolysis  protection  mentioned  above 
have  to  do  with  the  nature  or  condition  of  the  street  railway  return 
circuits,  and  in  the  practical  working  out  of  such  methods  the 
railway  return  system  is  often  ignored.  The  currents  are  per- 
mitted to  flow  away  from  the  tracks  without  restriction,  and  the 
sole  purpose  of  the  methods  outlined  is  either  to  prevent  their 
entrance  into  the  pipes  or  to  provide  means  for  their  exit  with  as 
little  injury  to  the  pipes  as  possible.  It  would  appear  more  logical 
to  attack  the  problem  by  beginning  at  the  source  of  the  evil  and 
prevent,  to  a  large  extent  at  least,  the  leakage  of  the  currents  from 
the  railway  return  conductors  into  the  earth.  This  is  the  more 
emphasized  by  the  fact  that  in  the  past,  where  such  mitigative 
measures  have  been  applied  to  the  pipes,  the  burden  of  providing 
the  protection  has  usually  fallen  where  it  does  not  properly  belong, 
viz,  on  the  injured  party  and  not  on  the  party  causing  the  injury. 
We  shall  now  consider  what  measures  may  be  applied  by  the 
street  railway  companies  to  their  own  properties  with  the  view  of 
removing,  or  at  least  greatly  reducing,  the  cause  of  the  trouble. 

1.  ALTERNATING-CURRENT  SYSTEMS 

The  proposition  to  use  alternating  current  for  street-railway 
traction  purposes  need  hardly  be  discussed  here.  If  alternating 
current  were  used,  the  amount  of  electrolysis  that  would  occur 
would  in  most  cases  be  not  more  than  i  per  cent  of  what  it  is 
with  direct  current.  In  the  case  of  lead  pipes  the  corrosion  may 
be  greater  than  this,  but  the  experimental  data  available  show 
that  there  is  little  likelihood  of  its  exceeding  this  percentage  under 
practical  conditions. 

The  objections  to  the  substitution  of  alternating  current  for 
direct  current  in  the  case  of  systems  already  installed  in  large 
cities  are  so  obvious  and  so  serious  that  the  question  needs  no 
discussion,  particularly  since  the  problem  of  electrolysis  protection 
can  be  taken  care  of  by  other  means.  In  the  case  of  suburban  or 
interurban  systems,  on  the  other  hand,  where  alternating  current 
possesses  certain  advantages  which  for  other  reasons  often  justify 
its  use,  the  fact  that  such  a  system  will  be  comparatively  free  from 
electrolysis  troubles  is  an  additional  argument  in  favor  of  its  use. 
68325°— 18 6 
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This  question  of  electrolysis,  due  to  stray  currents  from  inter- 
urban  roads,  is  becoming  increasingly  important  as  pipe  systems 
are  installed  or  enlarged  in  small  towns  along  the  route,  and  par- 
ticularly because  of  the  steadily  increasing  number  of  pipe  lines 
being  installed  throughout  the  country.  In  such  cases  the  alter- 
nating-current system  of  traction  may  well  be  regarded  as  a 
satisfactory  solution  of  the  electrolysis  problem,  although  at  the 
present  time  the  importance  of  this  protection  along  interurban 
lines  is  not  great  enough  to  be  by  any  means  a  deciding  factor  in 
the  choice  of  systems. 

2.  DOUBLE-TROLLEY  SYSTEMS 

The  double- trolley  system  of  electric  traction  as  at  present  used 
in  Cincinnati,  and  the  corresponding  underground  conduit  sys- 
tems as  used  in  Washington  and  in  parts  of  New  York  City,  elimi- 
nate almost  completely  the  danger  of  electrolysis,  the  small  leak- 
age which  occurs  being  of  no  practical  consequence.  The  chief 
objections  to  its  use  are  the  cost  of  installation  and  the  increased 
operating  difficulties  which  it  involves.  The  cost  of  installation, 
which  is  very  great,  does  not  appear  to  be  justified  merely  as  a 
means  of  electrolysis  protection,  inasmuch  as  a  very  satisfactory 
degree  of  protection  can  be  obtained  by  other  and  much  more 
economical  means. 

3.  USE  OF  NEGATIVE  TROLLEY 

Practically  all  street-railway  systems  in  this  country  are  oper- 
ated with  positive  trolleys.  Under  such  conditions  the  stray  cur- 
rent is  taken  up  by  the  pipes  over  a  relatively  large  area  and  dis- 
charged within  a  comparatively  small  area,  commonly  called  the 
positive  area,  near  the  power  house.  It  is  obvious,  therefore,  that 
the  current  density  within  this  small  positive  area  will  be  much 
greater  on  the  average  than  in  the  much  larger  negative  area.  If 
the  polarity  of  the  trolley  v/ere  reversed,  the  positive  and  negative 
areas  would  be  interchanged  without  affecting  to  any  considerable 
extent  the  intensity  of  the  current  at  any  point.  We  should  then 
have  a  comparatively  low  average  density  of  current  discharge 
from  the  pipes  throughout  a  much  larger  positive  area.  The  total 
amoimt  of  corrosion  would  not  be  materially  affected,  but  its  dis- 
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tribution  over  the  larger  area  would  tend  to  reduce  the  intensity 
of  damage  at  any  particular  point,  so  that  the  average  life  of  the 
pipes  would  be  increased  and  trouble  would  be  much  slower  in 
developing. 

Aside  from  the  fact  that  in  some  cases  the  increased  life  of  cer- 
tain of  the  pipes  might  be  such  that  they  would  endure  until  they 
would  have  to  be  removed  anyway  for  reasons  other  than  their 
failure,  about  all  that  can  be  said  in  favor  of  this  proposal  is  that 
it  postpones  the  time  when  serious  trouble  will  develop.  On  the 
other  hand,  most  engineers  would  prefer  to  have  the  trouble  more 
localized,  as  it  is  under  present  conditions,  v/here  it  can  be  more 
carefully  watched  and  more  effectively  controlled.  Furthermore, 
this  reversal  of  trolley  polarity  will  generally  impose  serious  hard- 
ship on  cable-owning  companies  which  have  already  installed  a 
drainage  system  for  the  protection  of  their  cables.  This  method 
does  not,  therefore,  appear  to  be  worthy  of  serious  consideration 
in  the  present  instance. 

4.  PERIODIC  REVERSAL  OF  TROLLEY  POLARITY 

Another  proposal  that  has  been  advanced  has  for  its  object  the 
attainment,  as  far  as  practicable,  of  the  electrolytic  conditions 
which  prevail  with  alternating  currents,  without  discarding  the 
direct-current  method  of  electric  traction.  If  an  alternating  cur- 
rent flows  from  iron  into  soil,  there  is,  during  any  half  cycle  in 
which  the  iron  is  positive,  corrosion  of  the  iron  just  as  in  the  case 
of  direct  current,  but  during  the  succeeding  half  cycle  the  corroded 
iron  is  again  plated  out  as  metallic  iron  on  the  surface  of  the  pipe. 
If  the  efficiency  of  both  corrosion  and  deposition  is  loo  per  cent, 
there  will  be  no  perceptible  corrosion  of  the  metal  surface,  and  in 
the  case  of  ordinary  alternating  currents  this  condition  is  very 
nearly  realized  in  practice. 

Experiments  have  shown  that  even  with  very  low  frequencies 
of  reversals,  such  as  once  in  24  hours,  a  large  measure  of  this  effect 
persists,  and  the  ultimate  amount  of  corrosion  is  much  less  than 
would  occur  if  the  polarity  is  maintained  always  the  same.  It 
has  therefore  been  proposed  to  reverse  the  polarity  of  the  trolley 
at  stated  intervals,  as,  for  example,  once  every  24  hours,  as  a 
means  of  reducing  electrolysis  troubles.     If  the  reversals  are  made 
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with  sufficient  frequency  to  give  effective  protection,  the  method 
is  open  to  the  objection  that  it  introduces  a  complication  into 
operating  conditions  that  does  not  appear  to  be  justified  by  the 
benefits  that  would  result,  particularly  where  several  substations 
are  being  operated  in  parallel.  Where  only  a  single  substation 
is  used,  a  reversal  of  polarity  once  in  24  hours  would  be  entirely 
practicable  and  would  imdoubtedly  be  decidedly  beneficial. 

Extensive  experiments  at  the  Bureau  of  Standards  show  that 
with  daily  reversals  of  polarity  the  corrosion  in  the  case  of  iron 
pipes  at  any  particular  point  will  be  only  about  one-fourth  as 
much  as  when  the  current  flows  continuously  in  the  same  direction. 
For  lead  pipes  and  cables  the  polarity  would  have  to  be  reversed 
much  more  frequently  in  order  to  reduce  the  corrosion  at  any 
point  to  less  than  50  per  cent  of  that  which  would  occur  with  uni- 
directional current. 

5.  REDUCING  POTENTIAL  DIFFERENCES  IN  THE  UNINSULATED  PORTION 

OF  NEGATIVE  RETURN 

Tinning  now  to  a  consideration  of  what  may  be  accomplished 
in  the  way  of  providing  an  adequate  return  circuit  for  the  railway 
currents  we  find  a  number  of  possibilities  available.  In  consid- 
ering these  methods  it  is  necessary  to  bear  in  mind  that  the  fimda- 
mental  condition  to  be  realized  in  order  to  reduce  the  leakage  of 
stray  currents  into  the  earth  is  not  the  maintenance  of  the  lowest 
possible  resistance  in  the  negative  return  hut  the  minimum  differ- 
ences of  potential  between  different  parts  of  the  grounded  track 
network. 

The  two  conditions  are  not  necessarily  identical,  depending  as 
they  do  on  the  character  of  the  negative  retimi  system  used.  The 
various  possible  methods  of  thus  reducing  track  gradients  to  a 
satisfactory  value  all  have  for  their  primary  object  the  taking  of 
the  current  direct  from  the  track  through  the  agency  of  negative 
feeders,  and  they  are  therefore  classed  in  one  general  group  under 
the  name  of  " track- drainage  systems."  These  track-drainage 
systems  present  several  separate  practical  embodiments,  the  chief 
of  which  are  (a)  the  proper  construction  and  maintenance  of  track 
to  secure  the  full  benefit  of  the  conductivity  of  the  rails,  (b)  ground- 
ing of  tracks  and  negative  bus,  (c)  the  use  of  uninsulated  negative 
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feeders  in  parallel  with  the  rails,  {d)  the  use  of  insulated  negative 
feeders  without  boosters,  {e)  the  use  of  insulated  negative  feeders 
with  boosters,  (/)  the  three- wire  systems,  and  {g)  the  use  of  a 
proper  number  of  substations  so  located  as  to  take  the  current 
from  the  tracks  so  as  to  combine  in  greatest  degree  economy  of 
distribution  of  power  and  reduction  of  leakage  current  from  the 
rails.     These  different  systems  are  discussed  separately  below. 

6.  CONSTRUCTION  AND  MAINTENANCE  OF  WAY 

Proper  maintenance  of  the  track  in  order  to  secure  high  con- 
ductivity is  everywhere  recognized  as  a  necessary  condition  in 
electric  railway  operation,  but  it  does  not  always  receive  the  atten- 
tion that  its  importance  justifies.  In  the  matter  of  joints  alone 
there  is  a  very  wide  diversity  of  practice.  In  recent  years,  how- 
ever, engineers  have  rapidly  come  to  recognize  the  difficulty  of 
maintaining  a  proper  state  of  track  conductivity  by  merely 
bridging  the  joints  with  short  copper  bonds.  Such  construction 
is  still  widely  used,  but  it  is  finding  much  less  favor  than  formerly, 
and  in  many  systems,  particularly  where  the  traffic  is  heavy,  these 
methods  of  shunting  the  joints  are  used,  if  at  all,  chiefly  as  second- 
ary- expedients.  The  tendency  in  such  cases  is  to  make  the  joint 
itself  electrically  continuous  rather  than  to  shunt  around  it, 
although  both  methods  are  not  uncommonly  combined. 

The  methods  whereby  more  or  less  perfect  continuity  of  the 
joints  is  obtained  embrace  the  various  types  of  welded  joints  such 
as  electric  welds.  Thermit  welds,  etc.,  and  those  joints  in  which  a 
second  metal  such  as  zinc  and  its  alloys  are  employed  to  form  the 
junction.  Of  these  latter  the  well-known  Nichol  joint  made  by 
pouring  molten  zinc  between  the  fishplates  and  the  rail  ends  is  one 
of  the  most  effective,  and  has  given  very  satisfactory  service  for  a 
number  of  years.  The  zinc  is  poured  in  after  the  fishplates  are 
bolted  on  and  the  expansion  of  the  zinc  which  takes  place  on 
solidifying  makes  a  firm  and  permanent  contact  between  the  fish- 
plates and  rail  ends.  Joints  made  either  in  this  way  or  by  any  of 
the  various  welding  processes  have,  as  a  rule,  a  lower  resistance 
when  new  than  an  equal  length  of  rail,  and  for  the  most  part  have 
given  good  satisfaction  in  service,  although  some  trouble  has  been 
experienced,  particularly  in  welded  joints,  due  to  parting  of  the 
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rails  at  the  weld.  Experience  to  date,  however,  indicates  that 
these  joints  are  very  satisfactory  in  all  cases  where  the  tracks  are 
laid  in  paved  streets  or  otherwise  suitably  reinforced.  As  a  pre- 
cautionary measure,  however,  some  engineers  prefer  to  bond  over 
all  joints,  also,  and  we  understand  that  this  is  being  largely  done 
in  St.  Louis. 

Cross  bonding  between  the  rails  is  also  much  resorted  to  as  a 
means  of  maintaining  track  conductivity,  and  this  is  a  very  neces- 
sary^ precaution  against  the  troubles  arising  from  bad  joints.  If 
such  cross  bonds  are  properly  installed  and  maintained  at  suffi- 
ciently frequent  intervals,  the  deleterious  effect  of  occasional  bad 
joints  is  almost  entirely  eliminated.  These  cross  bonds  are  usually 
placed  at  intervals  of  from  200  to  500  feet  and  these  distances  are 
sufficient  if  the  cross  bonds  and  rail  joints  are  fairly  well  maintained. 

All  special  work  should  be  shunted  by  heavy  cables  capable  of 
carrying  all  of  the  current  passing  over  the  tracks  at  that  point. 
In  many  places  this  is  the  regular  practice,  but  it  is  often  neglected 
entirely  or  poorly  maintained,  and  in  some  cases  the  drop  across 
special  work  has  given  rise  to  very  serious  electrolysis.  The 
remedy  is  so  simple  and  effective  that  only  carelessness  can  account 
for  the  existence  of  trouble  of  this  nature. 

The  question  of  weight  of  rails  is  one  that  has  not  usually 
received  the  consideration  which  it  deserves,  particularly  in  the 
case  of  the  T  rails.  At  the  present  price  of  girder  rails  there  is 
very  little  difference  between  the  cost  of  rail  and  copper  of  the 
same  conductivity.  The  conductivity  of  steel  rails  varies  consid- 
erably, but  on  the  average  it  v/ill  be  about  one-tenth  to  one-twelfth 
that  of  commercial  copper.  Hence,  at  the  former  figure  with 
copper  at  1 7  cents  per  pound  and  rails  at  $39  per  ton  the  cost  of  a 
given  conductance  will  be  about  10  per  cent  greater  if  obtained  by 
using  copper  cables  in  parallel  with  the  rails  than  if  it  is  obtained 
by  the  use  of  heavier  rails.  In  the  case  of  T  rails  costing  $28  per 
ton  the  cost  of  a  given  conductance  in  steel  rails  will  be  about 
two-thirds  that  for  copper.  This  is  on  the  assumption  that  the 
extra  labor  cost  of  laying  the  heavier  rails  will  about  equal  the  cost 
of  laying  the  copper  cables.  As  to  whether  or  not  this  is  true  will 
depend  largely  on  local  conditions,  so  that  the  above  figures  are 
only  approximate. 
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An  important  factor  which  should  be  considered  here,  however, 
is  the  reduction  in  track  and  rolhng  stock  maintenance  charges 
that  accompany  the  use  of  heavier  rails.  This  is  often  sufficient 
to  justify  the  extra  expense  of  the  heavier  rails  quite  apart  from 
any  consideration  of  their  higher  conductance,  and  largely  for 
this  reason  there  has  been  a  general  tendency  in  recent  years  to 
use  heavier  rails.  When  we  consider  this  fact  in  connection  with 
the  increased  conductance  of  such  rails  there  would  appear  to  be 
good  reason  for  using  somewhat  heavier  rails  than  traffic  condi- 
tions would  usually  call  for  in  those  regions  near  the  power  houses 
where  it  is  important  to  secure  higher  conductance  than  would  be 
afforded  by  the  usual  weight  of  rails. 

The  rail  weights  used  in  most  large  cities  range  for  the  most 
part  between  80  and  1 20  pounds,  so  that  we  may  consider  that 
the  approximate  average  weight  is  but  little  more  than  100 
pounds  per  yard.  A  double  track  of  these  rails  having  good 
joints  has  a  conductance  equivalent  to  about  4.5  million  circular 
mils  of  copper.  Standard  rails  are  now  rolled  and  in  practical 
use  weighing  137  to  139  pounds  per  yard  and  would  have  a  con- 
ductance of  about  six  and  one-quarter  million  circular  mils,  or 
an  increase  over  that  of  the  average  rails  equivalent  to  about  one 
and  three-quarter  million  circular  mils.  It  would  therefore  appear 
to  be  worth  while  in  some  cases,  when  tracks  are  being  relaid 
near  the  power  stations,  to  consider  seriously  the  advisability  of 
using  much  heavier  rails  than  are  usually  adopted,  the  combined 
effect  of  improved  track  conditions  and  increased  conductance 
being  sufficient  to  justify  the  additional  expense. 

A  properly  constructed  and  drained  roadbed  is  also  a  very 
effective  aid  in  reducing  the  leakage  of  stray  currents  from  the 
rails.  The  amount  that  can  be  accomplished  in  this  way  will,  of 
course,  vary  greatly  with  varying  conditions  so  that  no  specific 
recommendations  can  be  made  here,  other  than  to  point  out  that 
since  the  conductance  of  the  leakage  path  is  mainly  dependent  on 
the  amount  of  moisture  which  is  contained  in  the  material  forming 
the  roadbed  and  the  earth  beneath,  any  construction  which  tends 
to  reduce  the  average  moisture  content  therein  will  reduce  in 
corresponding  degree  the  magnitude  of  the  leakage  currents. 
Indeed,  we  have  made  tests  on  long  lines  of  track  without  inter- 
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sections  to  cause  complications,  in  which  it  was  found  that  leakage 
from  the  rails  had  been  almost  entirely  eliminated,  the  reason 
being  that  the  road  was  so  constructed  that  the  leakage  path 
from  rails  to  earth  was  on  the  whole  comparatively  dry.  We 
believe  that  much  more  could  be  accomplished  by  this  means  than 
is  commonly  supposed  without  materially  increasing  the  cost  of 
construction,  although  it  must  not  be  regarded  as  a  satisfactory 
primary  means  of  electrolysis  mitigation. 

7.  GROUNDING  OF  TRACKS  AND  NEGATIVE  BUS 

The  grounding  of  the  negative  bus  or  the  tracks  near  the  power 
house  was  one  of  the  earliest  expedients  resorted  to  for  the  purpose 
of  reducing  the  resistance  of  the  negative  return.  Because  of  the 
decided  tendency  for  such  grounds  to  increase  the  flow  of  leakage 
current  from  the  tracks  it  was  early  recognized  that  they  might 
tend  to  increase  electrolysis  troubles,  and  in  the  majority  of  cases 
these  ground  plates  have  been  abandoned.  There  are,  however, 
a  good  many  cases  where  such  grounds  still  exist,  so  that  their 
bearing  on  the  electrolysis  situation  is  an  important  matter. 
During  the  last  few  years,  also,  it  has  been  seriously  recommended 
by  certain  well-known  engineers  that  this  expedient  of  grounding 
tracks  be  carried  much  further,  and,  in  fact,  used  as  a  means  of 
eliminating  electrolysis. 

The  method  of  procedure  proposed  by  the  advocates  of  this  sys- 
tem is  to  lay  ground  plates  several  feet  below  the  track  and  at 
frequent  intervals  throughout  the  sty  stem  so  as  to  secure  as 
nearly  as  possible  the  perfect  grounding  of  the  tracks  at  all  points. 
This  proposal  has  been  based  chiefly  on  experiments  which  have 
been  performed  with  small  electrodes  buried  in  the  earth  which 
shov/ed  that  most  of  the  resistance  between  such  electrodes  and 
the  earth  was  found  to  be  in  the  region  very  near  to  the  electrode, 
owing  to  the  small  cross  section  of  the  current  path  at  such  points. 
From  these  experiments  the  conclusion  was  drawn  that  at  a  dis- 
tance of  3  or  4  feet  from  such  an  electrode  the  cross  section  became 
so  great  that  the  resistance  practically  disappeared.  It  was  there- 
fore thought  that  if  frequent  ground  plates  were  laid  3  or  4  feet 
below  the  track  and  connected  thereto,  the  large  cross  section  of 
the  path  offered  for  the  discharge  of  current  into  the  earth  would 
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cause  the  resistance  of  the  negative  return  practically  to  disappear, 
and  consequently  the  drop  of  potential  in  the  earth  would  be  so 
small  that  no  aDpreciable  current  would  be  picked  up  by  the 
pipes. 

Our  own  investigations  on  this  subject,  which  have  comprised 
experiments  with  electrodes  both  of  the  size  used  in  the  investiga- 
tion above  referred  to,  and  also  with  much  larger  ones,  which  are 
more  comparable  with  conditions  which  actually  exist  in  railway 
systems,  and  also  the  results  of  voltage  surveys  made  remote  from 
electrodes  that  might  serve  as  sources  of  stray  currents,  have  con- 
vinced us  that  the  theory  on  which  this  method  of  protection  is 
based  is  erroneous,  and  that  the  stray  currents  that  would  be 
introduced  into  the  earth  by  the  proposed  ground  plates  along 
the  track  would  greatly  aggravate  the  trouble  from  electrolysis. 
We  would  strongly  urge,  therefore,  that  grounds  of  all  kind, 
whether  along  the  track  or  the  negative  bus,  be  altogether  elimi- 
nated in  everv  case. 

8.  UNINSULATED  NEGATIVE  FEEDERS 

A  typical  form  of  uninsulated  negative  feeder  system  is  shown 
in  Fig.  27.     It  will  be  seen  that  this  consists  essentially  in  running 

'niNi.iiiiii.iiiiii.iiim.imn.inimi 

!  •  ■  .  • 


lift* 

J « i  ^^^ — I   ^.         I 


JSOS 


0//PSCT  T/^-S 


Fig.  27. — Diagrammatic  representation  of  uninsulated  negative  feeders 

feeders  out  from  the  negative  bus  to  various  points  of  the  track. 
Each  feeder  may  be  connected  to  the  tracks  at  a  number  of  points, 
and  the  tracks  nearest  the  power  house  are  connected  directly  to 
the  negative  bus  tlrn-ough  low-resistance  cables.  The  return  cables 
are  therefore  directly  in  parallel  with  the  rails,  and  the  cinrent 
divides  between  the  rails  and  the  feeders  inversely  as  the  resist- 
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ance  of  the  various  paths.  In  so  far  as  the  principle  of  operation 
is  concerned  it  will  be  evident  that  it  is  of  secondary  importance 
whether  the  feeders  are  actually  provided  with  insulation  or  not. 
The  fact  that  they  are  connected  directly  to  the  tracks  at  both 
ends,  and  in  some  cases  at  intermediate  points,  also  makes  them 
essentially  the  same  in  principle  as  uninsulated  feeders,  and  they 
are  here  so  classed  whether  they  are  actually  laid  in  the  ground 
bare,  provided  with  insulation,  or  run  on  poles  overhead.  The 
only  effect  of  insulation  on  the  underground  feeders  connected  in 
parallel  with  the  tracks  would  be  to  reduce  slightly  the  leakage 
resistance  between  tracks  and  ground. 

It  is  obvious  that  when  copper  cables  are  connected  in  this  way 
potential  gradients  on  the  cables  will  always  be  the  same  as  that 
on  the  rails  in  the  section  in  parallel  therewith.  It  is  shown  in 
another  part  of  this  paper  that  under  average  conditions  in  this 
country  good  electrolysis  conditions  require  that  the  all-day 
average  potential  gradient  in  the  tracks  should  in  general  not 
exceed  0.3  to  0.5  volt  per  thousand  feet  with  correspondingly 
higher  values  for  peak-load  periods.  These  gradients  on  copper 
cables  would  correspond  to  from  27  to  45  amperes  per  milHon  cir- 
cular mils.  It  is  well  recognized,  however,  that  the  most  econom- 
ical all-day  average  current  density  for  railway  feeders  lies  between 
200  and  300  amperes  per  million  circular  mils.  The  most  econom- 
ical current  density  would  therefore  usually  be  found  to  be  seven 
or  eight  times  the  maximum  value  required  for  good  electrol3^sis 
conditions.  It  is  evident,  therefore,  that  to  secure  sufficiently  low 
gradients  by  reinforcing  the  conductivity  of  the  rails  by  simply 
putting  cables  in  parallel  with  them  would  be  extremely  wasteful 
and  not  worthy  of  serious  consideration.  Hence,  some  other 
method  must  be  used  if  a  reasonable  degree  of  economy  is  to  be 
attained.  Such  economy  is  afforded  in  a  large  degree  by  the 
insulated  negative  feeder  system  described  below. 

9.  INSULATED  NEGATIVE  FEEDERS  WITHOUT  BOOSTERS 

(a)  Development  of  the  Insulated  Negative  Feeder  System. — The 
use  of  insulated  negative  feeders  for  the  purpose  of  securing  low 
potential  drops  in  the  negative  return  independently  of  the  drop 
in  the  feeders  themselves  has  until  recently  received  but  little 
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attention  in  this  country,  although  the  principle  of  their  operation 
and  their  advantages  were  pointed  out  many  years  ago.  The 
first  to  suggest  the  use  of  insulated  feeders  instead  of  uninsulated 
feeders  for  electrolysis  mitigation  was  Isaiah  H.  Farnham,  who 
published  an  article  in  Cassier's  Magazine  in  August,  1895.  I^i 
this  paper  the  fundamental  principles  of  the  insulated  return 
feeder  system  without  boosters  were  clearly  set  forth,  and  in 
view  of  the  more  recent  developments  in  this  direction  it  seems 
remarkable  that  Famham's  paper  did  not  attract  more  attention 
at  the  time  of  its  publication.  This  paper  is  of  such  fundamental 
character  and  reveals  such  a  clear  understanding  on  the  part  of 
the  author  of  the  principles  of  the  insulated  feeder  system  that 
we  reproduce  a  large  portion  of  it  in  the  appendix  of  this  paper. 

Some  years  after  the  appearance  of  the  paper  above  referred 
to,  a  paper  was  presented  before  the  Institution  of  Electrical 
Engineers  in  Great  Britain  by  A.  P.  Trotter,  in  which  the  prin- 
ciples of  the  insulated  feeder  system  were  set  forth  in  a  very  able 
manner,  and  soon  thereafter  insulated  feeders  became  widely 
used  in  various  cities  in  Great  Britain,  and  at  a  later  date  on  the 
Continent,  although  for  the  most  part  thev  were  used  in  connec- 
tion with  negative  boosters. 

In  this  country  practically  no  progress  was  made  for  a  good 
many  years  toward  the  utilization  of  the  advantages  of  insulated 
negative  feeders,  attention  having  been  almost  entirely  directed 
to  the  application  of  other  methods  of  mitigation,  chiefly  those 
applicable  to  underground  pipe  and  cable  systems. 

About  10  years  ago  a  system  embodying  in  some  degree  the 
principles  of  the  insulated  feeder  system  vv^as  installed  in  Richmond, 
Va.,  and  is  still  in  successful  operation.  In  1907  a  paper  by  George 
I.  Rhodes  before  the  American  Institute  of  Electrical  Engineers 
called  attention  again  to  the  advantages  of  insulated  feeders  for 
reducing  potential  gradients  in  the  railway  negative  return.  How- 
ever, with  the  exception  of  the  system  above  mentioned,  installed 
in  Richmond,  and  a  similar  system  installed  on  portions  of  the 
Interborough  Rapid  Transit  Co.'s  lines  in  New  York  City,  prac- 
tically no  progress  was  made  in  the  direction  of  the  practical 
application  of  this  system  until  within  the  last  two  or  three  years. 
About  two  years  ago  the  American  Railways  Co.,  of  Philadelphia, 
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installed  a  system  of  this  kind  on  its  Springfield  (Ohio)  property, 
and  has  since  installed  similar  systems  on  a  number  of  their  other 
properties. 

A  vshort  time  afterwards  a  similar  system  was  installed  by  the 
United  Railways  Co.  of  St.  Louis  at  its  Ann  Avenue  substation. 
These  two  systems  in  Springfield,  Ohio,  and  St.  Louis,  Mo.,  have 
been  given  wide  publicity,  and  during  the  last  two  or  three  years 
many  systems  of  a  similar  character  have  been  installed  in  various 
citi(is  throughout  the  country.  The  progressive  attitude  adopted 
by  the  American  Railways  Co.  has  done  much  to  call  attention 
to  the  advantages  of  the  insulated  feeder  system  and  to  popu- 
larize its  use,  and  it  is  due  largely  to  the  important  work  of  this 
company  that  the  advantages  of  the  insulated  negative  feeder 
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Fig.  28 
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system  are  rapidly  becoming  appreciated  by  railway  companies 
throughout  the  country. 

(6)  Types  of  Insulated  Negative  Feeders. — In  the  insulated 
negative  feeder  system,  instead  of  tying  the  tracks  directly  to  the 
negative  bus  and  depending  on  the  tracks  and  such  copper  as  may 
be  in  parallel  therewith  to  return  the  current  to  the  power  house, 
the  connection  at  the  power  house  is  either  removed  or  given  a 
suitable  resistance,  and  insulated  feeders  are  run  from  the  negative 
bus  to  various  points  on  the  tracks,  as  shown  diagramatically  in 
Fig.  3 1.  By  this  means  several  important  results  may  be  achieved. 
In  the  first  place,  the  current  being  taken  off  the  rails  at  numerous 
points,  high  current  densities,  and  consequently  high  potential 
gradients  in  the  rails,  can  be  avoided  to  any  desired  degree.  In 
the  second  place,  by  so  designing  the  system  that  the  drop  of 
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potential  on  all  of  the  feeders  is  the  same,  the  current  flow  in  the 
tracks  can  be  so  subdivided  that  the  direction  of  the  flow  will  be 
reversed,  thus  preventing  the  accumulation  of  large  potential  differ- 
ences between  points  on  the  tracks  which  are  some  distance  apart. 
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Fig.  29 

Fmlher,  it  will  be  evident  that  in  this  case  the  actual  drop  of 
potential  in  the  different  feeders  is  of  little  importance  so  far  as 
electrolysis  protection  is  concerned,  so  long  as  it  is  nearly  the  same 
in  all.     We  can  thus  impose  any  desired  potential  restriction  on 
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Fig.  30. — Effect  of  insulated  feeders  in  reducing  rail  gradients 

the  track  and  still  be  free  to  design  the  feeders  to  give  maximum 
economy,  which  we  can  not  do  when  the  feeders  are  connected  in 
parallel  with  the  tracks,  as  has  been  the  common  practice  in  the 
past  in  practically  every  American  city.  A  graphic  representation 
of  what  can  be  accomplished  by  using  a  system  of  insulated  feeders 
of  this  sort  is  shown  in  Figs.  28,  29,  and  30. 
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Fig.  28  shows  the  arrangement  of  the  negative  return  in  which 
any  feeders  that  are  used  are  connected  directly  in  parallel  with 
the  track  throughout,  and  a  uniform  distribution  of  the  load  on  the 
line  is  assumed.  The  arrows  show  the  direction  of  the  current 
flow,  and  the  curved  line  AB  shows  how  the  potentials  of  the  rails 
vary  from  point  to  point,  the  potential  curve  becoming  steeper 
and  steeper  as  the  power  house  is  approached.  With  uniform 
distribution  of  the  load,  as  here  assumed,  and  uniform  track  con- 
ductivity it  can  be  readily  shown  that  this  potential  curve  is  the 
segment  of  a  parabola.  Fig.  29  shows  the  same  system  with 
insulated  negative  feeders  run  from  the  negative  bus  to  four  points 
on  the  track,  two  in  either  direction,  and  so  designed  that  the  drop 
of  potential  is  the  same  on  all  during  average  load  conditions. 
Here  also  the  curved  lines  represent  the  potentials  of  the  tracks 
from  point  to  point,  and,  as  in  Fig.  28,  the  curves  are  segments  of 
parabolas.  The  portion  DE  of  Fig.  29  corresponds  exactly  to  the 
portion  BC  of  Fig.  28.  It  is  seen  that  the  current  flow  in  the  tracks 
is  here  so  subdivided  that  the  total  over-all  potentials  become  very 
small,  and  consequently  the  tendency  to  set  up  large  differences 
of  potential  between  the  rails  and  surrounding  structures  is 
practically  eliminated. 

An  examination  of  Figs.  28  and  29  shows  that  the  maximum 
potential  difference  in  the  rails  is  reduced  to  one-sixteenth  of  its 
former  value  by  the  installation  of  only  two  negative  feeders  on 
each  side  of  the  station.  It  is  evident,  of  course,  that  this  great 
reduction  in  the  potential  difference  in  the  tracks  is  obtained  at 
the  sacrifice  of  track  conductance,  of  which  little  use  is  made  in 
the  latter  case.  Between  these  two  extremes  any  desired  compro- 
mise can  be  obtained;  that  is  to  say,  instead  of  making  the  drop 
on  all  of  the  feeders  the  same,  we  may  make  the  drop  on  the  feeders 
lower  as  we  approach  the  power  house,  thus  making  a  continuous 
gradient  equal  to  the  maximum  allowable  gradient  all  the  way  to 
the  station.  We  can  thus  utilize  the  conductance  of  the  tracks  to 
the  limiting  extent  consistent  with  satisfactory  electrolysis  con- 
ditions. This  will  result  in  a  more  economical  installation,  but  at 
the  expense  of  greater  over-all  potential  differences  in  the  track 
return  system,  even  though  the  limiting  potential  gradients  in 
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the  track  may  be  the  same.     This  type  of  feeder  system  is  shown 
diagrammatically  in  Fig.  30. 

This  latter  plan  is  often  more  economical  than  the  plan  shown 
in  Fig.  29,  and  it  is  sometimes  to  be  recommended  where  condi- 
tions are  such  that  there  is  a  large  track  conductance  to  be  availed 
of.  Wherever  the  track  conductance  is  small,  however,  so  that 
most  of  the  current  will  have  to  be  returned  by  the  feeders  anyway, 
the  equal-drop  system  is  to  be  preferred,  since  electrolysis  condi- 
tions will  be  better  and  the  difference  in  cost  not  very  great.  A 
still  further  modification  of  the  insulated  feeder  system  will  gen- 
erally be  found  to  be  desirable.  In  this  modification,  instead  of 
running  several  independent  feeders  in  one  direction  from  the  power 
house,  a  single  large  feeder  is  run  along  the  line  and  connected  to 


T/7AC/rS 


J3US 

Fig.  31. — Diagrarrvmatic  representation  of  insulated  negative  feeders 

the  tracks  at  suitable  points  by  means  of  resistance  taps.  This 
system  is  shown  diagrammatically  in  Fig.  31.  It  has  the  advantage 
of  simplicity  of  line  construction,  cheaper  first  cost  and  mainte- 
nance, due  to  running  one  large  feeder  instead  of  several  small  ones 
(where  the  total  feeder  area  is  not  great),  and  it  also  has  the 
advantage  of  bringing  back  a  much  larger  load  on  the  single  feeder, 
which  results  in  a  less  variable  current,  and  this  makes  possible  a 
more  economical  use  of  the  negative  copper. 

From  the  foregoing  it  will  be  apparent  that  the  economy  of 
using  insulated  negative  feeders  as  compared  wuth  uninsulated 
feeders  in  parallel  with  the  tracks  is  so  great,  particularly  when 
it  is  necessary  to  maintain  the  voltage  drops  in  the  track  at  very 
low  figures,  such  as  is  usually  necessary  for  electrolysis  protection, 
that  only  insulated  negative  feeders  can  be  considered  seriously, 
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and  they  should  always  be  installed  in  lieu  of  uninsulated  feeders 
when  the  conductance  of  the  tracks  is  not  in  itself  sufficient  to 
carry  the  current  without  excessive  voltage  drop. 

(c)  Calculation  of  Insulated  Negative  Feeder  System. — It  is  desir- 
able to  state  briefly  here  the  methods  of  procedure  in  laying  out 
the  design  of  insulated  negative  feeder  systems.  A  careful  study 
is  first  made  of  the  load  distribution  over  the  entire  territory  sup- 
plied by  the  station  under  consideration,  and  from  this  study  the 
most  natural  points  for  taking  off  the  current  are  selected  and  the 
number  of  amperes  that  must  be  taken  off  at  each  point  in  order 
that  the  current  in  the  rails  shall  not  exceed  a  predetermined 
value  is  determined. 
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Fig.  32. — Diagram  illustrating  calculations  of  insulated  negative  feeders 

A  preliminary  value  of  potential  drop  in  the  first  feeder,  which 
is  usually  one  of  the  largest  and  most  important  ones,  is  then 
assumed,  and  from  this  drop  and  the  current  to  be  carried  by  the 
feeder,  together  with  its  length,  the  cross  section  of  the  feeder  is 
calculated.  When  this  is  done,  all  of  the  other  feeders  must  be 
designed  consistently  with  this  so  as  to  avoid  potential  gradients 
in  the  tracks  greater  than  the  value  determined  upon  as  the  limit- 
ing allowable  average  gradient. 

Beginning  thus  with  feeder  No.  i.  Fig.  32,  we  find  that  the  volt- 
age drop  to  be  allowed  on  feeder  No.  2  is  the  drop  on  No.  i  less 
the  allowable  drop  on  the  tracks  over  the  distance  (a)  between 
the  points  at  which  the  two  feeders  connect  to  the  rails.  For 
instance,  if  the  assumed  drop  on  feeder  No.  i  is  1 5  volts  and  the 
distance  between  the  two  taps  is,  say,  1200  feet  and  we  are  per- 
mitting a  maximum  drop  of  one-half  volt  per  1000  feet  in  the 
tracks,  the  average  gradient  between  C  and  D  will  in  general  be 
less  than  this  figure,  depending  upon  the  amount  of  load  origi- 
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nating  between  these  points.  The  average  value  of  this  can  be 
determined  from  the  car  schedule.  Assuming  it  to  be  0.4  volt 
per  1000  feet,  for  example,  the  total  average  drop  between  C  and 
D  will  be  0.48  volt.  The  total  drop  on  feeder  No.  2  will  therefore 
be  15—0.48  =  14.52  volts.  From  this  value  and  the  current 
assigned  to  feeder  No.  2  its  cross  section  can  be  calculated,  the 
length,  of  course,  being  already  fixed. 

We  proceed  in  a  precisely  similar  manner  to  calculate  any  other 
feeders  on  this  same  line  between  feeder  No.  2  and  the  power  house, 
including  the  resistance  tap  B  at  the  power  house.  It  is  then 
necessary  to  work  outward  from  the  power  house  in  calculating  the 
remaining  feeders.  For  example,  if  the  voltage  drop  on  the  power 
house  tap  has  been  found  by  the  above-described  procedure  to  be 
12  volts,  the  drop  on  feeder  No.  4  will  be  12  volts  plus  the  allow- 
able drop  on  the  tracks  between  the  power  house  tap  and  the 
point  E  at  which  the  feeder  is  connected  to  the  tracks,  and  so  on 
for  other  feeders  more  remote  from  the  power  house. 

Sometimes  the  cross  section  of  the  feeders  as  thus  calculated  will 
be  too  small  to  carry  the  required  current  without  overheating, 
and  when  this  is  the  case  the  feeder  must  be  made  sufficiently  large 
to  carry  the  current  and  an  additional  resistance  inserted  prefer- 
ably at  or  near  the  power  house  in  order  to  give  the  necessary 
voltage  drop.  When  this  calculation  is  complete  for  all  the  feed- 
ers we  are  ready  to  determine  whether  the  original  assumption 
made  in  regard  to  the  voltage  drop  on  the  first  feeder  was  the 
one  that  would  give  approximately  the  most  economical  installa- 
tion over  the  entire  system.  To  determine  this  we  sum  up  the 
total  cost  of  the  feeders  installed  and  determine  the  proper  annual 
charge,  including  interest,  taxes,  and  depreciation,  and  also  calcu- 
late the  total  annual  value  of  the  energy  lost  in  the  feeders  and 
resistance  taps.  If  these  are  approximately  equal,  the  voltage 
drop  assumed  was  the  proper  one.  If,  however,  the  annual  charge 
on  the  feeder  system  is  less  than  the  cost  of  lost  energy,  the  voltage 
assumed  is  too  high  (and  vice  versa)  and  a  correction  must  be 
made. 

This  correction  may  be  very  easily  and  simply  supplied  without 
recalculating  the  feeder  system  as  in  the  first  instance.  For  ex- 
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ample,  if  the  annual  cost  of  the  feeders  is  found  to  exceed  that  of 
the  energy  lost  by  20  per  cent,  we  must  increase  the  voltage  drop 
by  approximately  10  per  cent,  and  reduce  the  area  of  the  feeders 
by  about  10  per  cent,  which  change  will  bring  the  cost  to  approxi- 
mate equality,  a  condition  for  the  most  economical  installation. 
If  El  is  the  original  voltage  drop  calculated  for  any  given  feeder 
and  E2  is  the  weighted  mean  voltage  drop  for  all  feeders,  then  the 

increase  of  voltage  on  any  feeder  being  -^  we  must  reduce  the 

E, 


cross  section  of  the  feeder  by  the  factor  ^      E..     The  value  of  E^ 

^      10 
in  each  case  is  the  initial  voltage  drop  calculated  for  that  particular 
feeder,  so  that  each  feeder  is  corrected  by  a  different  factor.     When 
the  correction  is  made  in  this  way  there  is  no  change  in  the  poten- 
tial gradients  and  current  distribution  assumed  for  the  rails. 

{d)  Effect  of  Concentrated  Loads  on  Effectiveness  of  Insulated 
Feeders. — The  view  has  been  taken  by  some  engineers  that  while 
the  insulated  negative  feeder  system  works  out  very  well  when 
applied  to  a  fairly  well  distributed  load  it  fails  to  show  any  appre- 
ciable advantage  when  applied  to  conditions  where  the  load  is 
concentrated  at  a  few  points,  such  as  is  usually  the  case  on  an  in- 
frequent schedule.  While  this  is  true  when  we  consider  the 
maximum  values  of  potential  drop  between  different  points  of  the 
negative  return,  it  is  not  true  if  we  are  considering  the  effectiveness 
of  the  electrolysis  protection  afforded. 

Under  the  extreme  condition  of  a  concentrated  load  moving 
back  and  forth  along  a  track  provided  with  insulated  negative 
feeders,  the  direction  of  the  leakage  currents  will  be  periodically 
reversed.  Experiments  have  shown,  however,  that  if  the  period 
of  the  cycle  is  not  more  than  10  to  15  minutes,  or  even  longer,  the 
actual  amount  of  corrosion  that  occurs  is  only  a  very  small  frac- 
tion of  that  which  would  take  place  if  voltages  of  the  same  mag- 
nitude existed  in  the  negative  return  and  always  in  the  same 
general  direction.  For  this  reason  this  negative  feeder  system, 
when  used  in  connection  with  a  concentrated  load,  will  always 
give  much  greater  reduction  in  the  actual  amount  of  the  electroly- 
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sis  damage  than  it  d6es  in  the  actual  voltages  which  exist  from 
time  to  time  between  different  points  in  the  negative  return.  In 
consequence  of  this  fact,  it  may  be  stated  that  so  long  as  improve- 
ment in  electrolysis  conditions  is  the  object  sought,  the  insulated 
negative  feeder  system  may  be  regarded  as  being  quite  as  applica- 
ble to  a  system  having  concentrated  loads  moving  back  and  forth 
along  the  line  at  frequent  intervals  as  to  a  system  in  which  the 
loads  are  more  or  less  uniformly  distributed  along  the  line. 

10.  INSULATED  NEGATIVE  FEEDERS  WITH  BOOSTERS 

(a)  Direct  Boosters. — The  insulated  negative  feeder  system 
described  above,  because  of  its  symplicity  and  economy  will  be 
found  most  suitable  for  practically  all  cases  where  the  feeding 
distances  are  not  too  great.  Cases  are  frequently  encountered, 
however,  in  which  one  or  more  of  the  lines  are  supplied  over 
such  a  great  distance  that  serious  difficulties  are  encountered. 
For  instance,  if  the  power  house  is  supplying  a  network  of  lines 
near  the  station,  insulated  feeders  may  be  made  to  take  care  of 
this  area  without  requiring  a  voltage  drop  on  the  feeders  or  the 
power-house  tap  of  more  than  perhaps  lo  to  20  volts.  At  the 
same  time  one  or  more  very  long  and  perhaps  heavily  loaded 
lines  may  extend  from  the  netv/ork,  and  if  an  insulated  feeder, 
as  above  described,  is  to  be  used  to  take  care  of  this  line  also, 
it  would  be  necessary  to  use  a  very  heavy  feeder  in  order  to  keep 
the  voltage  drop  comparable  with  that  on  the  feeders  running 
to  the  local  network,  or  else  a  high  resistance  would  have  to  be 
inserted  in  series  with  the  latter. 

The  former  alternative  would  involve  a  prohibitive  charge  for 
copper,  while  the  latter,  by  making  all  of  the  current  from  the 
network  return  over  a  relatively  large  voltage  drop  in  the  power- 
house tap,  would  give  rise  to  large  power  losses.  These  difficul- 
ties can  be  avoided  by  designing  both  the  local  feeder  system  and 
the  long  line  on  the  basis  of  the  most  economical  s'ize  of  cables  and 
connecting  in  series  with  the  long  line  a  booster  designed  to  supply 
the  voltage  necessary  to  force  the  required  currents  over  the  long 
feeder.  This  booster  will  consist  of  a  direct-current  generator  of 
suitable  voltage  to  take  care  of  the  peak-load  drop  of  the  feeder, 
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coupled  to  either  a  600- volt  D.  C.  motor  or  an  induction  motor, 
according  to  circumstances.  By  the  use  of  such  a  booster  it  will 
sometimes  be  possible  to  save  enough  m  copper  investment  or 
power  losses  to  more  than  compensate  for  the  losses  in  the  booster 
and  the  installation  cost  and  complication  which  attend  its  use. 

(6)  Inverted  Boosters. — Instead  of  connecting  a  direct  booster 
in  series  with  the  long  feeder,  as  above  described,  a  similar  result 
can  be  accomplished  by  insertion  in  series  with  the  shorter  feeders 
supplying  the  local  network  an  "inverted"  booster.  This  would 
consist  of  a  series-wound  motor  connected  in  series  with  the  local 
feeder  system,  this  motor  being  used  to  drive  a  constant-speed 
generator  connected  to  either  the  D.  C.  or  A.  C.  bus  bars.  If  the 
latter,  an  induction  generator  would  be  preferred.  With  this 
arrangement  the  speed  would  be  held  substantially  constant,  and 
hence  the  coimter  emf  of  the  series  motor  would  be  proportional 
to  the  cinrent,  which  condition  would  be  necessary  for  maintaining 
the  proper  balance  between  the  two  feeder  systems.  A  little  con- 
sideration will  show  that  when  such  an  inverted  booster  is  used 
in  lieu  of  a  resistance  tap,  instead  of  the  energy  being  dissipated 
in  the  resistance  tap,  the  excess  energy  over  that  required  to  supply 
the  booster  losses  is  delivered  back  to  the  D.  C.  or  A.  C.  bus  bars 
through  the  generator  driven  by  the  series  motor. 

It  is  evident  that  the  operating  characteristics  obtained  from 
these  two  booster  systems  will  in  general  be  substantially  the 
same.  The  choice  between  them  will  therefore  depend  mainly  on 
the  relative  load  in  the  two  parts  of  the  system.  It  is  evident 
that  if  the  greater  part  of  the  load  is  on  the  long  feeder,  the  use  of 
a  direct  booster  in  this  feeder  would  require  a  larger  and  more 
expensive  machine  as  well  as  greater  power  losses  in  the  machine 
itself  than  if  the  inverted  booster  were  used  in  series  with  the 
relatively  small  load  in  the  local  network.  Hence,  if  the  load  in 
the  local  network  is  the  smaller,  an  inverted  booster  would  be 
cheaper,  while  if  the  greater  part  of  the  load  originates  in  the  local 
system  a  direct  booster  in  the  long  feeder  would  be  indicated.  In 
the  majority  of  cases,  however,  the  insulated  feeder  system  without 
boosters  as  described  in  the  preceding  section  is  found  to  be  as 
cheap  or  cheaper  than  either  of  the  booster  systems,  and  is  gen- 
erally to  be  preferred  because  of  its  greater  simplicity. 


Electrolysis  Mitigation  loi 

11.  THREE-WIRE  SYSTEMS  « 

(a)  Extent  of  Adoption. — This  method  of  power  transmission  is 
that  commonly  used  for  city  light  and  power  and  known  as  the 
Edison  three-wire  system.  Until  recently  it  has  not  been  em- 
ployed for  street  railway  work  in  this  country,  although  it  has 
been  in  use  in  Nuremberg,  Germany,  for  a  number  of  years.  In 
the  last  few  years  it  has  received  some  attention  in  America,  and 
is  now  in  operation  in  some  portions  of  Los  Angeles,  Omaha, 
Wilmington  (Del.),  and  Milwaukee.  Springfield  (Mass.),  Seattle, 
and  other  cities  are  also  preparing  to  adopt  it.'' 

The  lyOS  Angeles  installation  has  been  in  operation  for  nearly 
three  years  and  plans  are  now  under  way  to  extend  the  system 
to  include  several  additional  station  districts.  In  Omaha  a  trial 
installation  in  one  station  district  was  made  early  in  191 7.  After 
several  months'  trial  with  the  experimental  installation,  the  main 
station  district  was  converted  for  three-wire  operation  and  has 
since  been  so  operated.  A  trial  installation  was  made  in  Spring- 
field, Mass.,  in  19 16,  the  results  of  which  were  sufficiently  encourag- 
ing to  justify  the  permanent  installation  which  is  now  being  made. 

The  cause  for  the  prominence  which  this  system  of  electrolysis 
mitigation  has  so  recently  attained  is  to  be  found  largely  in  the 
high  price  of  copper  and  other  materials  and  the  difi'iculty  of 
financing  new  work.  These  factors  have  made  so  difficult  the 
employment  of  extensive  insulated  negative  feeder  systems,  that 
railway  companies  confronted  with  the  problem  of  electrolysis 
mitigation  have  been  forced  to  adopt  other  measures  requiring  a 
smaller  initial  expenditure  of  capital. 

Q))  Parallel  Three-Wire  System. — ^The  three-wire  system  may 
take  two  different  forms  the  same  in  principle  but  differing  radi- 
cally as  to  the  arrangement  of  the  feeder  system.  One  of  these  is 
directly  analogous  to  the  ordinary  three-wire  system  of  lighting 
and  is  called  the  parallel  three-wire  system.  The  typical  arrange- 
ment for  the  case  of  a  double-track  line  using  this  system  is  shown 
in  Fig.  33.     Here  one  trolley  is  negative  and  the  other  positive, 

^  This  section  revised  March,  1918. 

^  Articles  descriptive  of  the  three-wire  system  are  to  be  found  in  the  Electric  Railway  Journal  as  follows: 
"Three-wire  operation  in  Los  Angeles,"  Feb.  26,  1916;  "Three-wire  operation  in  Omaha,"  Nov.  10,  1917; 
and  " Sectionalization  of  overhead  for  three- wire  operation,"  Dec.  8,  1917. 
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the  tracks  being  neutral.  It  is  evident  that  only  the  difference 
in  the  load  on  the  two  sides  of  the  line  returns  to  the  power  house 
on  the  track,  although  there  may  at  times  be  heavy  circulating 
currents  flowing  between  cars  in  short  sections  of  track.  If  the 
cars  run  at  frequent  intervals,  however,  such  circulating  currents 
will  not  have  to  flow  over  sufficiently  great  distances  in  the  tracks 
to  set  up  nearly  as  large  potential  differences  therein  as  would 
exist  with  the  same  loads  under  the  ordinary  track-return  system. 
The  result  would  be  that  where  load  conditions  are  reasonably 
favorable  for  the  work  of  the  three-wire  system,  large  reductions 
in  potential  drops  in  the  negative  return  could  be  secured. 

A  single-track  line  with  two  overhead  trolleys,  one  positive  and 
one  negative,  cai!  also  be  used,  or  the  two  tracks  may  be  on  differ- 
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Fig.  33. — Parallel  three-wire  system 

ent  streets,  the  trolley  on  one  street  being  positive  and  that  on 
the  other  negative.  The  latter,  however,  is  open  to  the  objection 
that  since  the  current  would  generally  tend  to  flow  in  one  direc- 
tion in  the  tracks  on  one  street  and  in  the  opposite  direction  on 
the  other,  frequent  cross-bonding  becomes  very  important,  and 
unless  the  two  lines  are  close  together  this  would  become  quite 
expensive. 

Where  a  number  of  tracks  on  parallel  streets  are  intercepted 
by  frequent  cross-town  lines,  alternate  tracks  can  be  arranged  for 
opposite  polarity  and  the  cross-town  tracks  made  to  act  as  equaliz- 
ing busses.  This  arrangement  would  offer  an  approach,  on  a  large 
scale,  to  the  conditions  just  described  for  parallel  three- wire 
operation.     Good  bonding  of  the  cross-town  lines  would  be  a 
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necessity,  however,  in  order  to  permit  of  free  interchange  of 
current  between  the  several  parallel  tracks.  Such  a  condition 
was  found  in  New  Orleans,  where  the  Bureau,  after  supervising  an 
electrolysis  survey  in  January,  191 8,  recommended  the  adoption 
of  a  three-wire  system  in  which  the  trolleys  on  a  number  of  parallel 
streets  v/ere  to  be  alternately  positive  and  negative.  Several 
cross-town  tracks  at  intervals  of  from  3000  to  4000  feet  exist, 
which  should  provide  ample  capacity  for  interchange  of  current 
between  the  positive  and  negative  cars. 

(c)  Sectionalized  Three-Wire  System. — While  almost  perfect  elec- 
trolysis conditions  could  be  obtained  with  the  parallel  three-wire 
system,  the  difficulty  of  thoroughly  insulating  the  two  trolleys 
from  each  other  is  so  great  that  the  sectionalized  three- wire  sys- 


Fig. 
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tem,  now  to  be  described,  is  considered  the  more  practicable 
and  has  therefore  been  employed  in  all  installations  which  have 
come  to  our  attention.  It  is  shown  diagrammatically  in  Figs. 
34  and  35. 

In  this  form  the  feeding  district  is  divided  into  sections,  and 
alternate  sections  are  supplied  by  feeders  running  from  the  positive 
bus,  while  the  remaining  sections  are  supplied  by  feeders  from  the 
negative  bus,  the  difference  of  potential  between  the  two  busses 
being  1200  volts.  In  this  way  the  existence  on  the  same  portion 
of  the  street  of  two  trolleys  having  a  high  difference  of  potential 
between  them  is  avoided.  The  tracks  as  before  serve  as  the 
neutral  and  convey  the  current  from  the  cars  in  one  section  to 
those  in  the  adjoining  section  and  retirni  the  unbalanced  current 
to  the  power  house.  In  Fig.  35  nine  cars  are  shown,  six  of  which 
are  supplied  from  a  positive  and  three  from  a  negative  generator. 
It  is  seen  that  current  enters  the  three  negative  cars  from  the  rails 
instead  of  from  the  trolley.     The  current  returning  to  the  station 
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is  that  from  only  three  cars  instead  of  from  nine,  as  would  be  the 
case  under  ordinary  or  two-wire  operation.  The  load  can,  of 
course,  be  divided  in  any  desired  proportion  between  the  positive 
and  negative  generators. 

The  advantages  of  this  form  of  three-wire  system  are  (i)  that 
it  separates  the  positive  and  negative  trolley  sections,  keeping 
them  on  different  portions  of  the  line,  and  (2)  any  system  in 
which  the  substations  have  two  positive  busses  and  two  or  more 
generators  can  quickly  and  cheaply  change  to  this  system,  the 
only  requirement  being  to  sectionalize  the  feeding  and  trolley 
system  in  such  a  way  as  to  properly  balance  the  load. 

Both  of  these  three-wire  systems  require  for  satisfactory  opera- 
tion a  fairly  well-balanced  load,  and  hence  they  will  operate  more 


Fig.  35 

satisfactorily  in  sections  where  the  schedule  is  frequent.  For 
infrequent  suburban  or  intenurban  service,  voltage  fluctuations 
at  the  cars  would  be  serious,  giving  rise  to  unsatisfactory  car 
service  and  car  lighting  and  undoubtedly  increasing  the  main- 
tenance cost  of  the  car  equipment. 

{d)  Sectionalizaiion  of  Trolley. — Electrolysis  conditions  are  so 
strongly  affected  by  the  trolley  sectionalization  that  it  is  extremely 
important  for  the  engineer  wishing  to  experiment  with  or  adopt 
this  method  of  power  distribution  fully  to  understand  the  several 
effects  produced  by  each  arrangement  of  the  trolley  sections. 

The  curves  in  Fig.  36,  cases  i  to  6,  show  the  track  current  and 
the  voltage  drop  in  the  track  for  five  different  arrangements  of 
the  trolley  sections  as  compared  with  conditions  prevailing  under 
normal  or  two-wire  operation.  The  curves  are  based  on  the 
following  assumptions:  Twenty  thousand  feet  of  double  track,  the 
resistance  of  which  is  taken  as  0.0025  ohm  per  1000  feet  (100- 
pound  rails,  well  bonded) ;  a  load  of  40  amperes  per  1000  feet  of 


(Off 


^ 


H< 


I 


>* 

^  f\ 

]74 

0^ 

f 

-^ 

>^ 

n 

-id 
o 
a 


!0      12       14      16      18     2 
)use ,  Thousands  of  Feet 


400 


200  £ 

u 
u 


^ 


^ 


1 1 

0 


^ 'CASE  N0.3. — ' 

/7r5f  i:?  101  of  Trolley  Posilive^ 
Remainder  Negaf/ve. 


Distance  from  Power  House, Thousands  of  Feet 


\ 


10     12      14      16      15  TO 
ouse,  Thousands  of  Feet 
,6 


CASE  NO.  6r 

Middle  half  of  Trolley  Pos'rtive 
Remainder  Negative .  '^ 


c 

u 
O 


Disfancefrom  Power  House, Thousands  of  Feet 


CASE  N0.2.  i 

Firsf  half  of  Trolley , 

Negative,  Remainder 
Pos'iHve. 


Disiancefrom  Power  Hou&e,  Thousands  of  Feet. 


Distance  from  Power  H( 


tD   4 


o 
> 


0      2     4       6      6      10      12     14    16      IS     ZO 
Dis+ance  from  Power  House, Thousands  of  Fee-f 

66325°— 18.    (To  face  page  105.) 


0) 


0 


CASE  NO. 5 


Firsf  two-thirds  of  Tro\ 
Remainder  Negative. 


0       2       4      6      8 
Distance  from  Power  H 
Fig.  ^ 


Electrolysis  Mitigation  105 

track,  assumed  to  be  uniformly  applied.  This  is  equivalent  to  a 
headway  of  betwen  three  and  four  minutes  each  way. 

Case  I  is  that  of  normal  operation  with  the  trolley  all  positive. 
It  is  seen  that  the  current  on  the  track  increases  uniformly  from 
zero  at  the  end  of  the  track  to  800  amperes  at  the  power  house. 
This  corresponds  to  a  maximum  gradient  at  the  power  house  of 
2  volts  per  1000  feet.  The  voltage  curve  showing  the  drop  in 
voltage  from  any  point  on  the  track  to  the  power  house  is  obtained 
by  integrating  the  IR  drop  over  the  entire  length  of  the  track,  its 
equation  being  that  of  a  parabola.  The  total  drop  is  seen  to  be 
20  volts. 

In  case  2  the  first  half  of  the  trolley  is  supplied  with  current 
from  a  negative  generator,  and  the  outer  half  from  a  positive 
generator,  a  1200-volt  trolley  breaker  being  required  between 
the  two  sections.  Under  this  arrangement  the  outer  half  of  the 
track  is  uniformly  collecting  current,  while  from  the  first  half 
the  current  is  being  uniformly  withdrawn  through  the  cars  and 
returned  to  the  power  house  over  the  negative  feeder.  The  cars 
on  one-half  of  the  track  are,  therefore,  in  series  with  those  on  the 
other  half,  and  no  current  is  returned  to  the  power  house  over  the 
track  or  neutral  conductor.  In  the  practical  application  of  this 
arrangement,  as  the  cars  move  back  and  forth  across  the  section 
breaker,  there  will  be  an  unbalanced  portion  of  the  load  at  times 
which  must  return  to  the  station  or  be  supplied  from  the  station 
over  the  track.  The  maximum  track  current,  track  gradient, 
and  over-all  potential  are  here  only  one-half  as  great  as  in  case  i . 

Where  the  traffic  is  frequent,  as  on  city  streets,  the  unbalancing 
is  not  serious  and  the  average  currents  and  potentials,  which  really 
determine  electrolysis  conditions,  are  not  essentially  different  from 
those  shown  in  the  curves. 

In  case  3,  the  first  0.707  of  the  trolley  is  positive  and  the  re- 
mainder negative.  This  is  the  condition  for  a  zero  over-all 
potential.  As  shown  by  the  arrows,  there  is  an  outward  flow  of 
current  over  a  portion  of  the  track  and  both  extremities  are  at  a 
lower  potential  than  the  intermediate  region.  The  effect  of  this 
is  to  produce  two  positive  areas  in  the  underground  piping  sys- 
tems and  to  require  drainage  of  telephone  and  power  cables  at 
two  points  instead  of  one.  Such  a  condition  might  be  taken  care 
of  satisfactorily,  were  it  not  for  the  fact  that  the  shifting  loads 
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which  occur  in  practice  cause  the  potential  of  the  outer  end  of  the 
track  to  fluctuate  through  rather  wide  limits.  By  shifting  the 
trolley  section  breaker  from  the  0.707  position  to  the  two-thirds 
position,  as  shown  in  case  5,  the  potential  of  the  outer  end  of  the 
track  falls  to  more  than  two  volts  below  that  at  the  power  house. 
A  slight  shift  of  the  breaker  in  the  opposite  direction  would  raise 
its  potential  correspondingly.  It  follows,  therefore,  that  if  pipes 
or  cables  are  drained  to  the  outer  end  of  the  track,  as  well  as  at 
the  power  house,  under  conditions  similar  to  those  shown  in 
cases  3  or  5 ,  a  shifting  of  the  load  will  result  in  a  fluctuation  of  the 
potential  between  these  two  points  and  an  unnecessary  transfer 
of  current  over  the  drained  structures. 

This  objection  is  overcome  in  case  4  where  the  middle  third  of 
the  trolley  is  negative  and  the  remainder  positive.  It  will  be  seen 
that  here  the  gradient  is  continuous  from  the  outer  end  of  the  track 
toward  the  power  house,  although  aj:  one  point  it  drops  to  zero. 
The  maximum  track  current  and  over-all  potential  are  reduced 
to  one-third  of  the  corresponding  values  of  case  i.  Unless  con- 
siderably more  than  one-third  of  the  load  be  reversed,  there  is  no 
danger  of  getting  two  low-potential  points  on  the  track  as  occur 
in  cases  3  and  5. 

Another  arrangement  of  trolley  sections  is  shown  in  case  6, 
where  the  middle  half  of  the  trolley  is  positive  and  the  two  end 
sections  negative.  The  track  currents  and  gradients  are  here 
limited  to  low  values,  but  the  same  objection  is  encountered  as  in 
cases  3  and  5. 

In  locations  where  the  outer  end  of  the  track  extends  into  an 
undeveloped  territory,  with  no  underground  structures  present, 
this  objection  is  not  pertinent,  and  the  arrangements  shown  in 
cases  3,  4,  and  6  may  be  employed  with  no  bad  consequences. 
The  actual  arrangement  of  the  trolley  sections  in  any  particular 
instance  where  a  two-wire  system  is  being  converted  for  three- 
wire  operation  will,  of  course,  depend  very  largely  upon  the 
existing  arrangement  of  the  feeders.  It  will  usually  be  desirable 
to  employ  these  with  as  few  changes  and  additions  as  possible, 
and  they  may  easily  prove  to  be  the  determining  factors  in  the 
sectionalization  of  any  system. 

(e)  Insulation  of  Trolley  Sections. — The  problem  of  insulating 
the  positive  and  negative  trolley  sections  from  each  other  is  one 
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that  will  require  considerable  care.  At  points  of  simple  juncture 
this  has  been  accomplished  in  some  cities  by  the  use  of  two  standard 
600- volt  trolley  breakers  in  series,  with  a  dead  section  of  trolley 
wire  from  4  to  6  feet  in  length  between  them.  Unless  the  dead 
section  between  the  two  live  trolley  wires  is  of  considerable  length 
there  is  danger  of  drawing  an  arc  across  the  span  upon  the  passage 
of  a  car.  Where  trolley  wires  of  opposite  polarity  cross  it  will 
probably  be  found  better  to  make  the  entire  intersection  of  one 
polarity  rather  than  try  to  insulate  the  crossings.  At  the  inter- 
section of  two  double-track  lines  this  will  mean  the  installation 
of  four  double  breakers  as  just  described.  Where  such  changes 
are  made,  the  more  important  of  the  two  lines  should  be  made 
the  continuous  one  to  avoid  interruption  of  service  due  to  failure 
of  power  on  the  other  line. 

Warning  signs  should  be  hung  on  the  span  wire  at  all  breakers 
and  motormen  should  be  instructed  to  coast  across  these  points. 
I^ailure  to  do  so  will  ordinarily  result  in  no  particular  harm,  but 
as  the  voltage  of  the  two  trolleys  may  at  times  be  quite  different, 
it  is  a  matter  of  safety  to  do  so. 

As  trolley  feeders  are  already  insulated  for  600  volts  against 
ground,  no  increased  insulation  on  pole  lines  or  underground 
feeders  will  be  found  necessary.  However,  where  the  two  polar- 
ities are  carried  on  the  same  pole,  workmen  will  have  to  exercise 
care  when  working  on  the  lines.  It  may  be  found  desirable  to 
tag,  or  otherwise  mark,  the  two  sets  of  feeders  where  they  are 
in  conflict  and  in  some  cases  it  may  even  be  necessary  to  shift 
some  feeders  to  avoid  dangerous  conditions. 

(/)  Switchboard  Changes. — The  amount  of  labor  and  material 
necessary  to  convert  the  switchboards  of  existing  installations 
for  three-wire  operation  will  depend  upon  the  degree  of  flexibility 
desired.  The  most  ideal  arrangement  from  the  operating  stand- 
point would  be  a  double  bus  construction  throughout  with  double- 
throw  switches  on  all  feeder  and  machine  panels.  This  would 
permit  of  operating  any  or  all  generators  on  either  the  positive 
or  negative  bus  and  of  throwing  any  feeder,  at  will,  to  either  bus. 
Such  an  arrangement  would,  however,  require  radical  changes  in 
many  stations,  amounting  practically  to  a  reconstruction  of  the 
switchboard,  and  this,  for  the  slight  advantage  of  increased  flexi- 
bility would  not  in  general  be  warranted. 
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Where  switchboards  are  not  already  provided  with  double 
busses  and  double-throw  switches,  it  will  be  necessary  to  provide 
some  of  the  generators  with  double-throw  switches  or  some  other 
means  of  supplying  an  auxiliary  feeder  bus  with  negative  current. 
The  feeders  selected  for  reversed  polarity  can  either  be  provided 
with  double- tlirow  switches  or  in  lieu  of  these,  an  additional  panel 
can  be  employed  for  each  feeder  to  energize  it  from  the  negative 
bus.  Several  arrangements  are  possible  and  the  one  to  be  selected 
will  depend  entirely  upon  local  conditions  and  requirements. 
It  will  usually  be  necessary  to  either  install  interlocking  switches 
to  prevent  closing  a  switch  on  a  1200- volt  short  circuit,  or  to 
formulate  strict  operating  rules  to  guard  against  such  an 
occurrence. 

{g)  Conversion  and  Operating  Costs. — The  three-wire  system  has 
sometimes  been  considered  as  a  means  of  increasing  the  economy 
of  power  distribution.  While  it  does  accomplish  something  in  this 
direction,  it  does  not  possess  the  advantage  that  is  at  times  claimed 
for  it.  A  little  consideration  will  show  that  a  perfectly  balanced 
three-wire  system  operating  with  600  volts  on  each  side  is  identical 
with  a  1 200-volt,  double-trolley  system  in  so  far  as  the  amount  of 
feeder  copper  required  is  concerned.  Since  in  any  double- trolley 
system  the  amount  of  copper  required  on  the  return  portion  of  the 
circuit  would  be,  in  general,  equal  to  that  on  the  outgoing  lines, 
the  total  copper  for  a  1 200-volt,  double-trolley  system  would  be 
substantially  the  same  that  is  required  for  a  positive  feeder  system 
of  a  600-volt,  track-return  system.  It  follows,  therefore,  that  a 
three-wire  system  requires  the  same  amount  of  copper  and  the 
same  energy  loss  in  the  feeders  when  we  consider  both  positive  and 
negative  sides  as  is  required  in  the  positive-feeder  system  of  the 
ordinary  600-volt  network. 

The  only  economy  resulting  from  the  installation  of  the  three- 
wire  system,  therefore,  is  the  saving  in  track  losses,  which  are 
greatly  reduced,  although  not  entirely  eliminated.  Track  losses 
however,  are  generally  much  smaller  than  the  losses  in  the  positive- 
feeder  systems,  so  that  the  economy  in  this  feature,  while  impor- 
tant in  some  cases,  would  be  very  small  compared  with  the  econ- 
omy that  would  result  from  doubling  the  voltage  on  the  ordinary 
track-return  svstem. 
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The  relatively  small  saving  in  the  track  losses  are,  however, 
largely  offset,  if  not  more  than  counterbalanced  by  the  increased 
station  losses  due  to  necessity  of  always  maintaining  two  sets  of 
generators.  The  cost  of  converting  a  system  for  three- wire  opera- 
tion is  small  if  compared  to  the  cost  of  a  negative  insulated  feeder 
system  or  additional  substations  that  would  give  the  same  degree 
of  protection  from  electrolysis.  Where,  as  in  many  cities,  uninsu- 
lated negative  copper  has  been  installed,  this  can  be  reclaimed 
after  conversion  to  three- wire  operation,  and  will  go  a  long  way 
toward,  if  not  entirely  cover,  the  cost  of  the  conversion. 

12.  NUMBER  AND  LOCATION  OF  POWER  HOUSES  AND  SUBSTATIONS 

In  a  general  way  the  effect  of  the  number  of  feeding  points  on 
the  potential  drops  in  the  rails  and  the  consequent  leakage  of 
current  from  the  tracks  is  obvious,  but  some  of  the  more  important 
aspects  of  this  problem  are  obscure  and  often  not  appreciated. 
The  economic  aspect  of  the  question  is  also  more  complex  than 
is  generally  recognized.  In  the  broadest  terms  we  may  consider 
the  matter  under  two  heads,  namely,  (i)  the  effect  of  the  number 
and  location  of  the  stations  on  the  tendency  of  the  pipe  systems 
to  pick  up  stray  currents  from  the  return,  and  (2)  the  effect  on 
the  total  drop  of  potential  on  both  sides  of  the  line. 

As  to  the  first  of  these  we  have  to  consider  the  fact  that  as  the 
number  of  stations  is  reduced  the  capacity  of  each  must  be  in- 
creased, with  the  result  that  the  ciurent  flow  in  the  rails  approach- 
ing the  power  house  will  be  greater  and  the  increased  potential 
gradients  resulting  therefrom  cause  correspondingly  increased 
leakage  of  current  from  the  tracks.  Further,  as  the  distance 
between  stations  is  increased  the  tendency  of  pipe  lines  to  take 
up  current  from  the  earth  luider  a  given  potential  gradient  in- 
creases much  more  rapidly  than  the  distance  of  transmission. 
In  fact,  it  can  be  shown  that  the  ciurrent  picked  up  by  the  pipes 
may  increase  either  as  the  second,  the  third,  or  even  a  higher 
power  of  the  distance  between  feeding  points,  according  to  the 
character  of  the  system  under  consideration.  Any  increase  in 
the  number  of  feeding  points,  or,  more  properly  speaking,  the 
ntunber  of  "drainage  points"  or  points  at  which  current  is  taken 
from  the  track,  will  reduce  in  much  greater  degree  the  flow  of 
stray  currents  in  the  pipes. 


no  Technologic  Papers  of  the  Bureau  of  Standards 

The  number  of  drainage  points  can  be  increased  to  any  desired 
extent  by  the  proper  use  of  insulated  negative  feeders,  as  above 
described,  but  the  fewer  the  stations  the  longer  and  heavier  the 
feeders  must  be,  and  in  consequence  of  this  an  increase  in  the 
number  of  stations  may  often  prove  to  be  in  the  interest  of  econ- 
omy, considering  only  the  negative  retiun.  This  economy  will 
become  much  more  pronounced  when  we  consider  also  the  dis- 
tribution of  the  power  on  the  positive  side  as  well  as  its  return 
on  the  negative. 

When  we  come  to  consider  the  question  of  total  drop  of  poten- 
tial in  the  distribution  and  return  of  the  current  we  have  many 
complex  factors  to  consider.  One  of  these  factors  is  the  loss  of 
power  resulting  from  such  drop  of  potential,  but  the  calculation 
of  the  value  of  this  lost  power  is  by  no  means  so  simple  as  might 
at  first  appear.  It  is  not  sufficient  simply  to  determine  the  total 
energy  loss  during  any  given  time  and  multiply  this  by  the  cost 
of  power  per  kilowatt  hour  in  order  to  determine  its  value.  We 
must  consider  that  the  loss  of  power  is  proportional  to  the  square 
of  the  load  and  hence  is  greatest  at  time  of  peak  load  when  the 
capacity  of  the  power  station  is  usually  taxed  to  its  utmost. 
The  capacity  of  the  generating  plant  and  hence  the  fixed  charges 
on  the  cost  of  power  are  thereby  increased;  or  if  the  power  be 
purchased,  there  is  usually  a  fixed  charge  imposed  on  the  maxi- 
mum demand.  In  any  case  if  the  operation  of  the  system  is 
such  that  the  line  losses  give  rise  to  an  increased  demand  for 
power  at  time  of  peak  load,  the  cost  of  the  lost  power  will  be 
greater  than  the  cost  of  the  power  utilized  at  the  cars. 

Besides  the  question  of  lost  power  due  to  line  drop  we  have 
to  consider  also  the  effect  of  this  drop  of  potential  on  the  char- 
acter of  the  car  service  and  the  cost  of  operation  of  the  car  system. 
Low  voltage  means  lower  average  car  speed,  with  a  consequent 
increase  in  the  number  of  cars  required  to  operate  at  a  given 
headway,  which  in  turn  increases  both  fixed  charges  and  oper- 
ating costs.  Any  change  in  the  distribution  system,  therefore, 
whether  a  change  in  the  number  of  stations  or  any  other  change 
which  affects  materially  the  line  losses,  will  exert  a  marked  effect 
on  the  cost  of  operation  of  the  system.  In  designing  a  system 
of  electrolysis  mitigation,  therefore,  many  things  have  to  be 
taken  into  account  quite  apart  from  the  technical  points  regard- 
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ing  the  electrical  condition  of  the  negative  return,  if  a  proper 
balance  is  to  be  maintained  between  the  cost  of  making  the 
proposed  changes  and  the  benefits  resulting  therefrom. 

In  considering  the  installation  of  a  new  system  of  electric  power 
distribution  for  street  railways  complete,  without  regard  to  exist- 
ing power  stations,  it  would  be  a  comparatively  simple  matter 
from  a  detailed  study  of  the  system  in  question  to  determine  the 
proper  number  of  stations  and  the  best  location  of  the  same  in 
order  that  best  results  might  be  secured,  all  things  considered. 
But  even  if  such  a  system  were  installed  which  answered  in  an 
ideal  manner  the  requirements  of  present-day  service,  it  would  be 
but  a  few  years  until  the  growth  of  traffic  and  shifting  of  business 
centers  would  require  increases  in  the  size  of  the  plants  and  other 
changes  which  would  make  the  system  much  less  economical  than 
the  ideal. 

In  studying  a  system  already  installed  we  may  be  able  to  show 
that  the  feeding  distances  for  some  or  all  of  the  various  stations 
are  too  great  for  economy  and  that  a  greater  number  of  stations 
with  reduced  feeding  distances  would  provide  a  much  more  eco- 
nomical system  of  distribution.  It  does  not  follow,  however, 
that  an  increase  in  the  number  of  stations  in  such  a  system  will 
actually  improve  its  economy,  but  on  the  contrary  the  reverse 
might  be  the  case,  for,  although  the  present  feeding  distances  may 
be  considerably  too  great  for  maximum  economy,  the  location  of 
the  stations  with  respect  to  each  other  may  be  such  that  the 
placing  of  a  new  station  in  between  will  overstep  the  point  of 
most  economical  feeding  distance  and  even  raise  the  net  cost  of 
opera,tion,  whereas  the  cost  of  moving  old  stations  to  more  desir- 
able locations  might  be  altogether  prohibitive. 

In  dealing  with  existing  conditions,  therefore,  we  must  work 
under  considerable  restriction,  and  many  things  must  be  taken 
into  account  before  it  can  be  determined  definitely  whether  or  not 
a  proposed  substation  will  prove  desirable  from  an  engineering 
and  economic  standpoint. 

Automatic  rotary  converter  substations  have  now  been  devel- 
oped to  the  point  where  they  are  entirely  practicable  and  de- 
pendable for  railway  use,  and  the  saving  m  operating  expense 
which  can  be  affected  by  them  is  very  encouraging  to  the  street 
railway  companies.     The  machines  automatically  start  up  when 
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the  trolley  voltage  reaches  a  selected  minimum  value  and  carry 
the  load  until  it  reaches  a  certain  sustained  minimum  value  when 
it  is  automatically  disconnected  from  the  circuits  and  shut  down. 
No  regular  attendant  is  required  but  frequent  inspections  are  of 
course  important. 

So  far,  these  stations  have  been  used  chiefly  on  interurban  lines, 
where  the  saving  in  energy  is  an  important  factor  as  well  as  re- 
duced operating  costs.  Some  installations,  however,  have  been 
made  for  city  service  where  the  machines  run  continuously  for  i8 
hours  each  day,  or  through  the  morning  and  evening  peaks. 
The  extra  investment  necessary  for  the  automatic  control  feattu'e 
is  relatively  small,  and  it  is  believed  that  this  new  development 
will  materially  increase  the  number  of  feeding  points  which  can 
economically  be  provided  for  any  large  street  railway  system  and, 
incidentally,  thereby  give  better  electrolysis  conditions. 

13.  SUMMARY  OF  METHODS  OF  MITIGATION 

In  the  foregoing  review  of  the  various  methods  that  have  been 
proposed  for  reducing  troubles  from  electrolysis  those  treated  in 
the  first  section  relate  solely  to  protective  measures  to  be  applied 
to  the  pipes.  Of  these  the  first  seven  are  found  to  be  of  little 
value  for  extensive  application  to  networks  of  any  considerable 
size,  and  certain  of  them  are  shown  to  be  actually  detrimental  be- 
cause of  their  tendency  to  accelerate  deterioration  of  the  pipes. 
The  method  of  insulating  joints,  and  a  properly  designed  pipe 
drainage  system  are  of  practical  value,  but  it  is  recommended 
that  their  use  be  restricted  to  auxiliary  measures  used  in  connec- 
tion with  certain  of  the  measures  described  in  the  second  section 
for  application  to  the  track  return  system.  This  recommenda- 
tion is  made  for  two  reasons — first,  because  the  practical  working 
out  of  these  systems  applied  to  the  pipes  usually  places  an  undue 
part  of  the  burden  of  mitigation  on  the  pipe  owning  companies, 
and  second,  because  the  adequate  protection  of  all  subsurface 
structures  by  either  of  these  means  in  cities  where  potential  gra- 
dients are  allowed  to  remain  high  will  in  general  prove  a  difficult 
and  expensive  matter. 

A  more  logical  and  at  the  same  time  a  more  effective  and  often 
more  economical  procedure  is  to  attack  the  source  of  the  trouble 
by  eliminating  in  a  large  measiu'e  the  leakage  of  the  electric 
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currents  into  the  earth.  Numerous  methods  applicable  to  the 
railway  return  system  are  available  for  this  purpose,  but,  as 
pointed  out  in  the  foregoing  review,  the  majority  of  these,  namely, 
the  alternating  current  system,  the  double  trolley  system,  the  use 
of  negative  trolley,  the  periodic  reversal  of  trolley  polarity,  and 
the  use  of  uninsulated  negative  feeders  in  parallel  with  the  rails, 
when  considered  solely  as  methods  of  electrolysis  mitigation,  are 
either  impracticable  or  else  open  to  the  objection  that  the  ex- 
pense or  operating  difficulties  attending  their  application  are  ren- 
dered unnecessary  because  of  the  fact  that  there  are  other  ade- 
quate methods  available  for  general  application  which  are  com- 
paratively cheap  to  install  and  which  introduce  but  slight  com- 
plications into  the  operation  of  the  system. 

The  importance  of  proper  construction  and  maintenance  of 
track  return  is  emphasized.  Thorough  bonding  and  cross  bond- 
ing are  lurged,  and  it  is  pointed  out  that  at  times  it  may  be  de- 
sirable on  the  ground  of  economy  to  use  somewhat  heavier  rails 
than  would  be  called  for  solely  by  traffic  conditions.  The  drain- 
age of  roadbed  where  practicable  is  also  urged,  and  where  track 
is  laid  on  private  right  of  way  the  rails  and  ties  should  be  kept, 
as  far  as  possible,  out  of  direct  contact  with  the  earth  in  order  to 
reduce  leakage  of  the  current  to  a  minimum.  Good  well-drained 
rock  ballast  is  very  effective  for  this  purpose. 

It  is  also  pointed  out  in  the  foregoing  that  a  three-wire  system, 
when  viewed  solely  from  the  standpoint  of  electrolysis  mitigation, 
possesses  large  possibilities,  and  experiments  with  these  systems 
under  favorable  conditions  are  urged.  Attention  is  called  to  the 
fact,  however,  that  up  to  the  present  time  sufficient  experience 
has  not  been  had  with  these  systems  to  show  whether  they  are 
practicable  from  the  operating  standpoint  under  average  condi- 
tions of  service.  At  the  present  time  it  must  be  regarded  as  an 
experimental  system  which  may  under  favorable  circumstances 
be  found  of  value  in  relieving  electrolysis  troubles. 

The  most  effective  methods  that  have  been  thoroughly  tried 
out  in  practice  over  long  periods  are  the  use  of  insulated  negative 
feeders,  either  with  or  without  boosters,  as  described  above.  It 
is  pointed  out  that  in  most  cases  where  the  feeding  distances  are 
not  too  long  an  insulated  feeder  system  without  boosters  will 
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prove  cheapest  and  at  the  same  time  more  satisfactory  because  of 
its  greater  simplicity.  It  is  possible  by  the  proper  application  of 
either  of  these  insulated  feeder  systems  to  reduce  the  potential 
gradients  in  the  earth  to  such  low  values  that  in  most  cases  little 
damage  would  result,  and  they  can  consequently  be  made  very 
effective  in  relieving  electrolysis  trouble. 

In  many  cases,  however,  it  may  be  better  where  conditions  are 
favorable  to  combine  one  of  these  methods  with  either  the  inser- 
tion of  a  moderate  number  of  insulating  joints  in  the  pipes  or 
with  the  use  of  a  very  limited  amount  of  pipe  drainage,  providing 
conditions  are  favorable  to  its  use.  The  insulated-feeder  system 
would  be  applied  to  reduce  the  potential  gradients  throughout  the 
system  to  very  low  values  and  one  or  the  other  of  the  auxiliary 
systems  used  to  eliminate  largely  any  residual  electrolysis  that 
might  still  remain. 

By  the  proper  use  of  the  measures  set  forth  above  it  is  in  most 
cases  possible  to  secure  sufficiently  low-voltage  drops  in  the  nega- 
tive return  to  afford  adequate  protection  to  underground  pipes, 
so  that  there  will  be  little  need  for  resorting  to  the  use  of  any 
auxiliary  measures,  such  as  pipe  drainage  or  insulated  joints  in 
the  pipes.  In  fact,  it  has  frequently  been  found  that  a  careful 
study  of  the  power  distribution  system,  such  as  should  always  be 
made  in  connection  with  the  design  of  an  electrolysis  mitigative 
system,  will  show  that  changes  in  the  distribution  system  could  be 
made  that  would  yield  operating  economies  which  quite  apart 
from  any  considerations  of  electrolysis  protection  are  more  than 
sufficient  to  justify  the  expense  involved.  We  have  found  this 
to  be  true  in  so  many  cases  that  we  are  convinced  that  the  adop- 
tion by  the  railway  companies  of  the  best  measures  for  reducing 
voltage  drops  to  such  low  values  as  substantially  to  eliminate 
electrolysis  trouble  would  in  very  few  cases  result  in  financial 
hardship. 

V.  REGULATIONS  REGARDING  ELECTROLYSIS 

MITIGATION 

1.  NEED  FOR  REGULATIONS 

The  many  conflicting  interests  involved  in  the  electrolysis 
problem  make  it  imperative  that  some  sort  of  regulations  govern- 
ing the  procedure  of  the  various  parties  in  interest  be  adopted  if 
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a  permanent  and  just  settlement  of  the  problem  is  to  be  secured. 
It  is  true  that  conditions  vary  greatly  in  different  localities,  and 
always  to  attain  a  complete  solution  would  require  a  separate  in- 
vestigation for  each  case.  In  general,  however,  it  is  not  practi- 
cable to  make  a  detailed  engineering  investigation  of  each  locality, 
such  as  would  be  necessary  in  order  to  prescribe  regulations  es- 
pecially adapted  thereto.  As  in  all  other  cases  where  diverse 
interests  come  into  conflict  the  interests  of  all  will  be  best  safe- 
guarded, by  the  adoption  by  a  proper  authority  of  more  or  less 
specific  regulations  defining  the  responsibilities,  rights,  and  limi- 
tations of  the  parties  to  the  dispute. 

In  the  case  of  electrolysis,  long  experience  both  in  America 
and  abroad  has  shown  that  some  sort  of  regulations  are  neces- 
sary for  protecting  underground  pipes  and  cables  and  that  such 
regulations  can  be  made  very  effective.  To  be  sure,  any  set  of 
regulations  drawn  to  meet  average  conditions  might  in  special 
cases  fail  to  give  sufficient  protection,  and  in  other  cases  might 
cause  somewhat  greater  expense  than  would  be  necessary  if  each 
case  could  be  considered  in  detail  by  itself.  Such  regulations 
would,  however,  insure  fair  and  adequate  treatment  of  all  parties 
concerned  under  general  average  conditions,  which  would  be  a 
great  improvement  upon  present  practice  in  most  places.  Such 
regulations  wisely  drawn  would  not  alone  protect  pipe-owning 
companies,  but  would  often  benefit  the  railv/ay  companies  also. 
In  the  absence  of  such  regulations  a  single  serious  case  of  trouble 
traceable  to  electrolysis  such  as  might  occur,  or  the  activity  of  in- 
terested or  overenthusiastic  individuals,  may  lead  to  hast}^  and 
ill-considered  legislation,  resulting  in  rules  much  more  drastic 
than  conditions  call  for,  and  lead  either  to  undue  hardship  on  the 
railway  companies  or  to  long  and  costly  and  perhaps  fruitless  liti- 
gation. 

Regulations  would  also  define  definitely  what  is  expected  of  the 
railway  companies  and  enable  them  to  treat  the  matter  as  one 
of  the  definite  engineering  problems  connected  with  the  opera- 
tion of  the  railway  system.  They  could  thus  plan  and  build 
definitely  and  with  the  assurance  that  they  would  not  be  con- 
tinually harassed  by  agitation  of  the  subject  of  electrolysis. 
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2.  PROPER  AGENTS  FOR  DRAWING  PROPOSED  REGULATIONS 

It  is  very  important,  however,  that  such  regulations  should  be 
drawn  with  the  greatest  care  and  with  due  consideration  of  the 
interests  both  of  the  railway  and  the  pipe-owning  companies. 
They  should  not  be  drawn  by  persons  unfamiliar  with  require- 
ments, nor  by  the  representatives  of  any  one  of  the  interests  con- 
cerned, but  by  all  of  such  interests  acting  jointly.  It  is  hoped 
that  such  joint  action  may  be  taken  in  the  near  future  as  a  result 
of  the  work  of  the  American  Committee  on  Electrolysis  ^  now  at 
work  on  the  general  subject  of  electrolysis.  The  work  of  that 
committee  is  primarily  educational  and  is  not  concerned  at  all  with 
the  legal  aspect  of  the  question.  Nevertheless,  a  careful  scientific 
and  engineering  study  and  report  will  lead  at  least  to  a  partial 
definition  of  the  requirements  and  responsibilities  of  the  various 
utilities  interested  in  this  problem. 

3.  PRINCIPLES  ON  WHICH  REGULATIONS  SHOULD  BE  BASED 

It  is  not  our  purpose  to  present  here  anything  in  the  way  of  a 
set  of  regulations  suitable  for  enactment  into  law.  We  shall, 
however,  discuss  briefly  the  fundamental  principles  on  which  we 
believe  such  regulations  should  be  based. 

The  various  factors  which  determine  the  electrolytic  conditions 
of  underground  structures,  such  as  overall  potentials  and  potential 
gradients  in  the  track  or  pipe  network,  potential  differences  be- 
tween pipes  and  tracks,  and  between  various  pipe  and  cable  sys- 
tems and  the  earth,  current  flow  in  the  pipes,  current  density  of 
discharge  from  the  surface  of  pipes,  etc.,  while  important  in  any 
complete  electrolysis  survey,  are  for  the  most  part  subject  to  such 
a  variety  of  influences  that  they  are  not  suitable  for  use  as  a  basis 
for  regulations.  The  factors  selected  must  not  only  afford  a  fair 
criterion  of  the  general  electrolysis  situation,  but  they  must  at  the 
same  time  be  susceptible  of  easy  measurement,  and  they  must  lend 
themselves  to  ready  and  fairly  accurate  predetermination,  so  that 
the  railway  return  system  can  be  designed  to  meet  the  regulations 
with  a  minimum  of  uncertainty. 

All  of  the  above-mentioned  factors  except  the  overall  potential 
measurements,  and  potential  gradients  in  the  track  return,  are 
affected  to  a  great  extent  by  the  character  of  the  pipe  systems, 

8  The  work  of  this  committee  has  been  discontinued  for  the  period  of  the  war. 
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and  changes  in  the  latter  may  produce  marked  changes  in  most 
of  the  former;  and  hence  these  factors  are  only  partially  under 
the  control  of  the  railway  company.  Further,  none  of  these  other 
factors  except  the  potential  drops  on  the  pipe  systems  afford  an 
acciu'ate  criterion  of  the  danger  from  electrolysis.  They  are  there- 
fore unsuitable  for  use  as  a  basis  of  specific  regulations  designed 
to  protect  underground  structures. 

The  overall  potential  and  potential  gradient  measurements,  on 
the  other  hand,  particularly  those  taken  on  the  pipe  systems,  afford 
practically  as  good  a  criterion  of  the  danger  existing  when  inter- 
preted in  the  light  of  general  experience  as  any  other  measurable 
factors.  They  are  fairly  definite,  readily  measurable,  and  in  very 
large  degree  under  the  control  of  the  railway  company ;  hence  they 
are  best  adapted  for  use  as  a  basis  of  rules  and  regulations. 

In  all  laws  and  regulations  that  have  up  to  the  present  time 
been  adopted,  so  far  as  we  are  aware,  the  over-all  potentials  and 
potential  gradients  have  been  specified  as  those  taken  between 
various  points  on  the  railway  tracks.  This  is  true  of  the  various 
European  ordinances  as  well  as  those  adopted  in  this  country. 
These  are  very  good  criterions  in  many  respects  and  have  proven 
successful,  particularly  in  Europe,  in  relieving  electrolysis  troubles. 
There  is  much  to  be  said,  however,  in  favor  of  limiting  potential 
drops  on  the  earth  or  on  pipe  networks  rather  than  on  the  railway 
track.  Such  voltages  afford  the  most  acciurate  criterion  of  all, 
as  to  the  actual  danger  to  the  underground  structures,  and  would 
also  prove  more  advantageous  to  the  railway  companies. 

If  potential  drops  on  the  earth  or  pipes  be  made  the  subject  of 
limitation,  higher  voltages  could  be  allowed  in  those  tracks  having 
a  high  resistance  to  earth.  This  would  apply  to  tracks  laid  on  a 
well-drained  roadbed,  for  example,  and  with  still  greater  force  to 
tracks  on  private  right  of  way  where  the  rails  are  set  up  on  ties 
out  of  contact  with  the  earth.  On  the  other  hand,  relatively  low 
voltages  would  have  to  be  maintained  in  tracks  in  which  the  rails 
are  much  of  the  time  in  intimate  contact  with  moist  earth,  or 
otherwise  constructed  so  as  to  give  a  comparatively  low  resistance 
to  ground.  Under  this  plan  low  voltages  in  the  track  would  be 
required  only  where  most  needed  and  the  railway  company  would 
be  encouraged  to  so  construct  the  tracks  as  to  give  a  high  leakage 
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resistance  to  ground.  It  is  evident  that  if  the  leakage  resistance 
to  ground  be  made  high,  practically  all  of  the  current  will  be  com- 
pelled to  return  to  the  negative  bus  by  way  of  the  railway  negative 
return  and  thus  increase  the  voltage  di'op  on  the  tracks,  although 
reducing  electrolysis  troubles.  If,  however,  the  voltage  drop  on 
the  tracks  is  limited  by  regulations  any  construction  of  roadbed 
that  would  reduce  leakage  would  increase  the  difficulty  and  cost 
of  complying  with  the  regulations.  On  the  other  hand,  if  the 
voltage  drop  on  the  pipes  is  made  the  basis  of  the  regulations,  the 
railway  companies  would  profit  by  any  construction  which  tends  to 
reduce  leakage  instead  of  suffering  by  it,  as  in  the  case  where 
voltage  drops  in  the  tracks  are  limited.  If  this  plan  were  adopted, 
it  would  of  course  be  necessary  to  prescribe  lower  voltage  limits 
than  would  be  applicable  to  tracks  in  order  to  secure  the  same 
freedom  from  electrolysis. 

4.  VOLTAGE  LIMITS  IN  TRACKS 

(a)  Previous  Experience  Regarding  Voltage  Limitations. — In 
this  country  little  experience  has  been  had  until  recently  with 
railway  installation  in  which  voltage  drops  in  the  negative  return 
have  been  maintained  low  enough  to  give  substantial  freedom 
from  electrolysis  trouble.  The  prevailing  practice  in  a  majority 
of  the  cities  of  America  has  been  to  permit  rather  high  voltage 
drops  in  the  return  circuit,  and  it  is  for  this  reason  mainly  that 
electrolysis  troubles  have  assumed  much  more  serious  proportions 
in  this  country  during  the  past  decade  than  in  almost  any  other 
country.  There  has,  therefore,  been  but  little  experience  in  this 
country  that  can  be  used  as  a  reliable  guide  as  to  just  what  voltage 
limits  can  be  considered  safe,  although  there  is  abundant  and 
incontrovertible  evidence  in  regard  to  what  voltage  limits  may, 
under  many  circumstances  at  least,  be  considered  unsafe. 

On  the  other  hand,  in  Great  Britain  and  many  parts  of  conti- 
nental Europe  much  experience  has  been  had  with  installations 
in  which  quite  low  voltages  have  been  maintained  over  a  period 
of  many  years;  and  this  long  experience  has  shown  that  the  volt- 
ages which  have  been  maintained  in  these  countries  are  such  as 
to  insure,  under  average  conditions,  substantial  freedom  from 
electrolysis.     This  experience,  therefore,  is  a  valuable  guide  in 
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determining  what  voltage  limits  can  be  considered  safe  under 
similar  conditions  here. 

{h)  Voltage  Limits  Prevailing  in  Great  Britain. — In  Great  Britain 
the  maximum  allowable  voltage  drop  between  any  two  points  of 
any  railway  system,  near  which  underground  metallic  structures 
are  laid,  is  limited  by  law  to  7  volts.  This  law  has  generally  been 
complied  with  by  the  railway  systems  of  Great  Britain,  and  where 
this  7-volt  limit  has  been  substantially  complied  with  there  has 
been  comparatively  little  trouble  from  electrolysis  of  underground 
structures. 

In  some  instances  this  legal  limit  has  been  considerably"  ex- 
ceeded, due  primarily  to  the  fact  that  the  British  Board  of  Trade, 
which  is  charged  with  the  responsibility  of  administering  the  law, 
has  not  made  it  a  practice  to  make  investigations  of  electrolysis 
conditions  on  its  own  initiative,  but  only  on  the  complaint  of 
interested  parties.  For  this  reason  isolated  cases  can  be  found 
in  which  the  prescribed  voltage  limits  are  for  a  time  exceeded, 
and  it  is  doubtless  due  largely  to  this  fact  that  most  of  the  elec- 
trolysis trouble,  that  has  been  experienced  in  Great  Britain,  has 
occurred.  On  the  other  hand,  in  many  cities  in 'Great  Britain 
the  limits  prescribed  by  the  ordinance  have  not  only  been  met, 
but  the  prevailing  voltage  drops  under  ordinary  traffic  conditions 
have  been  found  to  be  considerably  below  the  maximum  limit 
prescribed  by  law. 

The  accumulated  experience  with  the  voltage  limits  which  pre- 
vail in  Great  Britain  appears  to  show  quite  conclusively  that 
voltages  of  the  order  of  the  magnitude  of  those  maintained  in  the 
railway  systems  there  are  none  too  low  to  assure  adequate  pro- 
tection to  underground  structures;  and  it  is  the  opinion  of  some 
competent  engineers  that  even  lower  limits  are  desirable  and 
commercially  practicable.  This  attitude  was  taken  by  the  engi- 
neers who  drew  the  regulations  that  are  now  in  effect  in  many 
cities  of  continental  Europe. 

(c)  Voltage  Limitations  in  Germany. — The  so-called  German 
regulations,  which  are  in  eft'ect  in  many  cities  in  continental 
Europe,  while  differing  radically  in  the  manner  in  which  the 
voltage  limits  are  defined,  were  designed  by  the  framers  of  the 
regulations  to  yield  somewhat  lower  average  voltage  conditions 
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than  those  demanded  by  the  British  law.  The  German  regula- 
tions prescribe  a  voltage  limit  of  2^  volts  throughout  any  city 
network  of  street  railway  lines,  and  they  further  prescribe  a  limit 
of  I  volt  per  kilometer  (0.3  volt  per  1000  feet)  on  interurban  lines. 
These  limits  are  applied  to  the  period  of  average  scheduled  traffic 
instead  of  to  the  peak-load  period,  as  in  the  case  of  the  British  law. 

In  both  of  these  sets  of  regulations,  the  definition  of  voltage 
limits  is  indefinite  and  unsatisfactory.  The  British  law  limits  the 
maximum  drop  to  7  volts,  but  does  not  specify  whether  it  is  the 
momentary  maximum  that  is  subject  to  limitati?n,  or  the  sus- 
tained maximum  during  some  definite  interval  of  time.  In  ap- 
plying the  law,  however,  the  British  Board  of  Trade  has  found  it 
necessary  to  adopt  for  administrative  purposes  a  more  specific 
definition  of  the  term  "maximum  voltage."  In  determining 
this  maximum  voltage,  the  average  value  for  the  half  hour  of 
highest  load  is  determined,  and  also  the  maximum  momentary 
drop  during  this  period,  and  the  mean  of  these  two  values  is  taken 
as  the  maximum  voltage  within  the  meaning  of  the  law. 

In  the  German  regulations  a  similar  ambiguity  exists.  While 
it  is  stated  that  the  voltage  under  average  scheduled  traffic  should 
not  exceed  certain  values,  it  is  debatable  whether  or  not  it  is 
intended  that  the  momentary  value  of  voltage  drop  under  ordinary 
schedule  traffic  is  to  be  kept  within  the  prescribed  limit  or  whether 
the  average  value  of  voltage  drop  under  normal  operating  con- 
ditions is  the  value  to  be  considered.  If  we  place  the  latter 
interpretation  on  the  question,  the  limit  appears  to  be  reasonable 
and  practicable,  and  one  that  would,  under  many  circumstances, 
be  applicable  in  this  country.  If,  however,  it  is  intended  to  limit 
the  momentary  voltage  under  average  load  conditions  in  street 
railway  networks  to  2>^  volts,  the  regulation  would  be  altogether 
too  severe  for  general  application,  as  a  voltage  limitation  of  this 
severity  is  not  needed  for  providing  reasonable  protection  to  un- 
derground pipes  and  the  cost  of  meeting  such  limitations  would 
be  altogether  out  of  proportion  to  the  benefits  that  would  accrue 
therefrom. 

If  we  assume,  then,  that  this  over- all  voltage  limit  of  2j^  volts 
is  to  be  taken  as  the  average  value  under  normal  scheduled  traffic, 
it  would  be  found  to  compare  very  well,  so  far  as  ultimate  results 
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are  concerned,  with  the  voltage  limits  in  effect  in  Great  Britain. 
It  will  be  apparent  that  the  maximum  value  of  7  volts,  defined 
as  the  mean  value  between  the  average  for  the  maximum  half 
hour  and  the  highest  momentary  value  for  that  hour  would  cor- 
respond to  a  mean  value  for  the  maximum  half  hour  of  approxi- 
mately 4  to  6  volts  under  most  traffic  conditions.  On  a  basis  of 
50  per  cent  load  factor,  this  would  give  a  mean  value  under  average 
load  conditions  of  2  to  3  volts,  which  is  of  the  same  order  as  the 
2}i  volts  average  limit  named  in  the  German  regulations. 

The  above  discussion  relates  only  to  the  over-all  voltage  limits 
prescribed  by  the  regulations  in  question.  The  German  regula- 
tions make  no  provision  for  restricting  the  potential  gradient 
within  the  city  network  proper,  the  gradient  limits  of  these  regu- 
lations applying  only  to  interurban  lines.  The  British  law, 
however,  contains  a  provision  which  limits  the  current  density  in 
any  street  railway  rail  to  9  amperes  per  square  inch  of  cross  section. 
This,  in  effect,  prescribes  a  potential  gradient  limit,  which,  how- 
ever, is  variable  according  to  the  resistivity  of  the  rails;  and  for 
rails  of  average  resistivity  this  gradient  limit  would  yield  a  maxi- 
mum potential  gradient  of  approximately  0.9  volt  per  1000  feet, 
exclusive  of  the  drop  on  the  joints.  This  would  correspond  to 
an  average  all-day  gradient  of  from  0.3  to  0.4  volt  in  the  case  of 
most  railway  loads. 

It  is  very  desirable  to  have  both  the  overall  voltage  limit  and 
the  potential  gradient  limit,  the  latter  to  prevent  too  rapid  change 
in  the  potential  of  the  tracks  in  any  locality,  which  makes  it  diffi- 
cult to  prevent  large  potential  differences  between  pipes  and  rails 
from  developing  locally,  and  the  former  to  prevent  the  use  of  exces- 
sively long  feeding  distance,  which,  even  with  a  small  gradient, 
would  permit  the  accumulation  of  large  potential  differences 
between  pipes  and  tracks. 

{d)  Manner  of  Specifying  Voltage  Limits. — As  to  the  manner  of 
specifying  the  limiting  voltages  that  should  be  allowed,  there  is  a 
good  deal  of  difference  of  opinion.  vSome  prefer  to  specify  a  limit 
for  momentary  voltages,  and  others  advocate  restricting  the  maxi- 
mum value  for  some  definite  short  period,  such  as  10  to  30  minutes 
during  the  peak-load  period,  while  many  prefer  to  follow  the  prac- 
tice of  specifying  an  upper  limit  for  the  average  voltage  during  the 
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operating  period.     We  have  become  convinced  that  the  last  plan  is 
in  general  to  be  preferred. 

Our  investigations  have  shown  that  the  actual  amount  of  corro- 
sion which  takes  place  is  much  more  nearly  proportional  to  the 
average  all-day  load  than  it  is  to  any  short-time  peak  value.  In 
fact,  investigations  made  at  the  Bureau  of  vStandards,®  show  that 
as  the  load  increases  and  the  current  density  is  thereby  increased 
the  actual  amount  of  corrosion  does  not  increase  as  fast  as  the 
current  increases.  For  this  reason  it  is  undesirable  to  place  a 
heavy  penalty  on  a  high  peak  of  short  duration,  provided  the 
average  current  is  small.  This  objection  is  avoided  entirely  by 
specifying  the  average  value  of  the  voltage  instead  of  some  short 
time  peak-load  value. 

To  specify  a  limiting  value  of  voltage  during  from  lo  to  30  min- 
utes would  probably  not  be  a  serious  matter  in  the  case  of  a  con- 
gested city  district,  where  the  railway  loads  are  comparatively 
steady  and  the  load  curve  shows  a  comparatively  flat  maximum. 
In  case  of  suburban  or  iriterurban  lines  operating  an  infrequent 
schedule,  particularly  where  multiple  car  passenger  trains  and 
heavy  freight  trains  are  operated,  any  short- time  voltage  limita- 
tions will  almost  always  impose  upon  the  railway  company  a  hard- 
ship that  is  altogether  out  of  proportion  to  the  benefits  that  could 
possibly  result  from  such  a  method  of  defining  the  maximum. 

In  the  case  of  interurban  railway  systems,  any  voltage  limita- 
tions based  upon  momentary  maximum  values  would  be  practi- 
cally prohibitive,  unless  the  voltage  limit  were  placed  so  high  as 
to  be  of  no  real  value  for  general  adoption.  It  seems  best,  there- 
fore, that  any  voltage  limitations  that  may  be  applied  be  based 
upon  the  all-day  average  value  of  the  voltage  rather  than  on  any 
short- time  period.  Investigations  have  shown  that  if  the  polarity 
of  the  pipes  reverses  frequently,  as,  for  example,  every  few  minutes 
or  oftener,  the  actual  amount  of  corrosion  which  results  is  practi- 
cally proportional  to  the  algebraic  average  value  of  current  due  to 
the  fact  that  for  short  periods  of  reversal  the  corrosive  process  is 
in  large  degree  reversible.  If,  however,  the  frequency  of  reversal 
is  very  low,  the  reversal  taking  place  once  an  hour,  or  at  longer 

9  Burton  McCollmn  and  K.  H.  Logan,  "Electrolytic  corrosion  of  iron  in  soils,"  Bureau  of  Standards 
Technologic  Paper  No.  25, 
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intervals,  the  corrosion  increases  and  tends  to  become  more  nearly 
proportional  to  the  average  value  of  current  during  the  time  when 
the  pipe  is  positive  to  earth,  the  average  being  of  course  reduced  to 
a  24-hour  basis. 

Owing  to  the  uncertainty  of  the  length  of  the  periods  of  reversal 
that  may  occur  under  average  operating  conditions,  it  is  best  in 
fixing  voltage  limits  in  practice  to  base  the  limiting  values  on 
the  24-hour  average  value  of  voltage  during  those  periods  when 
the  pipe  frequently  becomes  positive  to  earth.  In  interpreting 
the  significance  of  voltage  readings  actually  taken,  however, 
where  the  frequency  of  reversal  is  always  approximately  known, 
it  is  best  to  bear  in  mind  that  for  periods  of  reversal  of  a  few 
minutes  or  less  the  algebraic  average  affords  a  better  criterion  of 
the  damage  that  will  result  than  the  arithmetical  average. 

A  careful  study  of  the  local  conditions  in  this  coimtry,  in  the 
light  of  the  extended  experience  in  European  countries  with  the 
voltage  limits  that  have  prevailed  there  for  many  years,  indicates 
that  the  average  all-day  voltage  drop  in  the  railway  tracks  under 
average  conditions  should  be  restricted  to  a  value  not  exceeding 
about  2  to  4  volts,  the  lower  value  applying  to  localities  such  as 
business  centers  in  large  cities  where  the  imdergroimd  utilities 
are  highly  developed  and  of  great  value,  and  the  higher  value  to 
those  regions  in  which  the  utilities  are  developed  to  a  lesser  extent, 
such  as  the  average  residential  districts  in  cities. 

In  very  sparsely  settled  districts  still  higher  voltage  drops  may 
be  permitted,  and  in  many  cases,  especially  where  tracks  are  on 
private  right  of  way  and  substantially  insulated  from  earth, 
thoughout  their  entire  length  the  voltage  limits  may  even  be  dis- 
pensed with  altogether.  Thus,  in  fixing  regulations  for  any  given 
city,  some  sort  of  a  zone  system  is  desirable,  different  voltage 
limits  being  prescribed  for  different  zones,  according  to  the  value 
of  the  underground  utilities  and  other  local  factors. 

These  all-day  average  values  of  2  to  4  volts  would,  in  the  case 
of  the  majority  of  railway  loads,  correspond  to  an  average  during 
the  maximum  hour  of  from  3  to  10  volts,  there  being  a  greater 
variation  in  the  values  for  the  vShorter  than  for  the  longer  period. 
The   average  gradient  corresponding  to   this  over-all   limit  will 
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depend  in  large  measure  on  the  means  that  are  adopted  for  com- 
plying with  the  limitation  and  on  the  feeding  distance.  A  study 
of  the  best  methods  available  for  reducing  voltage  drops  indicates 
that  the  average  24-hour  gradient  at  any  point  in  the  rail  should 
under  average  conditions  not  be  permitted  to  exceed  about  0.3 
to  0.4  volt  per  1000  feet. 

These  limits  of  0.3  to  0.4  volt  per  1000  feet  for  the  24-hour  period 
correspond  roughly  to  0.4  to  0.5  volt  per  1000  feet  for  the  18-hour 
operating  period.  If  the  drop  of  potential  on  pipes  or  earth  is 
made  the  basis  of  limitation,  lower  values  would  have  to  be  used. 
Experience  indicates  that,  on  the  average,  over-all  potentials  and 
potential  gradients  in  the  earth  should  be  maintained  at  about 
one-half  the  figtires  given  above  in  order  to  insure  the  same  free- 
dom from  electrolysis. 

We  do  not  wish  to  be  understood  as  taking  the  view  that  the 
average  voltage  for  the  maximum  hour  or  even  half  hour  can  not 
be  m.ade  a  satisfactory  basis  for  voltage  regulation.  Experience 
has  shown  that  either  plan  can  be  made  to  work  out  very  well  in 
practice.  Recent  investigations,  however,  show  that  the  use  of 
the  longer  period  is  a  more  rational  basis  of  fixing  voltage  limits, 
since  it  gives  a  factor  which  is  more  nearly  proportional  to  the 
actual  danger  involved  than  any  other.  Cases  continually 
arise  in  the  operation  of  street  railway  systems  where  local  traffic 
congestion  will  cause  very  excessive  voltage  drops  locally  for 
short  periods  of  from  5  to  15  minutes  or  longer,  but  these  occur 
so  infrequently  that  they  have  but  slight  effect  on  the  average 
all-day  values,  and  hence  on  the  total  damage  from  stray  currents. 

To  adopt  any  rule  which  would  limit  these  transient  rises  of 
voltage  to  very  low  values  would  involve  an  expense  to  the 
railway  company  which  would  be  out  of  all  proportion  to  the 
benefits  that  would  accrue  to  the  owners  of  underground  utilities. 
On  the  other  hand,  if  the  voltage  limit  is  placed  high  enough  so 
that  it  can  reasonably  be  applied  to  lines  having  very  heavy 
transient  loads,  it  would  be  altogether  too  high  for  other  lines 
having  comparatively  steady  loads.  If  the  all-day  average  value 
is  used,  however,  the  cost  of  meeting  the  limit,  as  well  as  the 
degree  of  protection,  will  be  independent  of  the  character  of  the 
load  on  different  lines. 
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As  to  the  convenience  of  determination  of  the  voltage  Hmits 
prescribed  there  is  little  to  choose  between  the  two  plans.  Even 
if  a  short  period  be  adopted,  it  will  be  necessary  to  use  recording 
voltmeters,  and  records  would  have  to  be  taken  over  practically 
the  entire  day  to  make  sure  that  the  limiting  values  were  being 
recorded,  and  when  the  all-day  record  is  at  hand,  the  all-day 
average  value  can  be  obtained  with  practically  the  same  facility 
as  the  average  for  shorter  periods.  The  all-day  average  value 
of  voltage  would  therefore  appear  to  be  the  most  natural  and 
logical  criterion  to  use  as  the  basis  of  voltage  regulations.  What- 
ever method  may  be  ultimately  adopted  for  defining  any  maximum 
allowable  limits  that  are  to  be  prescribed  for  any  particular 
locality,  extended  experience  both  in  this  and  in  foreign  countries 
shows  that  the  average  values  must  not  greatly  exceed  the  figures 
mentioned,  provided  reasonable  and  permanent  protection  is  to 
be  accorded  to  the  underground  pipe  system. 

5.  GENERAL  SCOPE  OF  REGULATIONS 

(a)  Voltage  Limitations. — From  the  foregoing  it  will  appear 
that  one  of  the  most  essential  things  to  be  incorporated  in  elec- 
trolysis regulations  is  an  appropriate  limitation  of  the  potential 
drops  in  the  railway  track  network,  or  in  the  earth  and  pipe 
systems,  and  that  such  limits  should  be  applied  in  the  case  of 
railway  tracks  to  both  the  over-all  potential  drops  between  remote 
parts  of  the  system  and  also  to  potential  gradients  in  relatively 
short  portions  of  the  track  network,  the  former  being  necessary 
to  guard  against  the  accumulation  of  large  potential  differences 
which  might  occur  even  with  low  gradients,  provided  the  feeding 
distances  are  very  long,  and  the  latter  to  prevent  the  very  rapid 
change  in  the  voltage  of  the  track  in  any  portion  of  the  system 
which  might  give  rise  to  bad  local  conditions  even  though  the 
over-all  potentials  were  kept  comparatively  small. 

In  fixing  voltage  limits  for  regulation  it  is  desirable  to  specify 
the  manner  in  which  the  voltages  are  measured  and  potential 
drops  computed.  In  determining  the  potential  gradients  the 
voltage  drop  on  a  distance  of  1000  feet  is  generally  better  than  a 
much  shorter  length.  This  length  is  long  enough  to  give  a  fair 
average  condition  over  a  considerable  length  of  track,  and  at  the 
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same  time  short  enough  to  prevent  any  serious  accumulation  of 
potential  difference  at  any  point,  provided  the  limits  mentioned 
above  are  substantially  complied  with.  In  calculating  the 
potential  gradient  it  is  best  to  measure  the  distance  in  an  air  line 
between  the  terminal  points,  provided  the  region  crossed  by  this 
line  is  occupied  by  pipe  networks ;  but  if  the  pipe  networks  follow 
an  indirect  course,  measurements  should  be  made  by  way  of  the 
pipes. 

ih)  Potential  Wires. — In  order  to  facilitate  the  determination 
at  any  time  of  the  voltage  drop,  it  is  very  important  that  perma- 
nent potential  wires  be  installed  running  from  a  suitable  terminal 
board  at  some  central  point  and  connected  to  the  tracks  or  pipes 
at  those  points  between  which  potential  measurements  are  to  be 
made.  These  should  always  be  run  to  the  more  outlying  points 
and  also  to  the  point  in  the  system  of  approximately  lowest  poten- 
tial so  that  the  maximum  over-all  potential  drops  can  be  directly 
measured.  It  is  desirable  also  in  most  cases  to  have  some  wires 
run  to  intermediate  points,  so  that  any  high  potential  drop  that 
may  be  observed  can  be  approximately  localized  by  measure- 
ments with  the  potential  wires.  Such  wires  may  either  be 
especially  installed  for  the  purpose  of  taking  potential  measure- 
ments, or  wires  for  this  purpose  may  be  leased  from  a  telephone 
company.  When  satisfactory  terms  can  be  arranged,  the  leasing 
of  wires  is  preferable,  since  the  maintenance  of  these  wires  would, 
in  general,  be  less  than  of  special  wires  run  separately  for  this 
purpose. 

In  view  of  the  fact  that  the  purpose  of  the  potential  wires  is 
not  primarily  for  the  protection  of  the  pipe  systems  but  rather  to 
supply  information  to  all  parties  concerned  as  to  the  conditions 
which  exist,  it  seems  preferable  that  the  expense  of  installing  and 
maintaining  or  of  leasing  such  potential  wires  should  be  borne 
jointly  by  all  of  the  utility  companies  directly  concerned  in  the 
electrolysis  mitigation  problem.  If  this  were  done,  the  cost  to 
any  particular  company  would  be  practically  negligible  and  it 
would  remove  any  material  objection  which  the  railway  company 
might  otherwise  have  to  the  installation  of  such  potential  wires. 
Graphic  voltmeters  should  also  be  provided  for  measuring  and 
recording  the  potential  differences  required. 
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(c)  Connections  Between  Tracks  and  Pipes. — Metallic  connec- 
tions between  underground  metallic  structures  and  the  street  rail- 
way tracks  should  never  be  permitted  at  any  point  where  the 
pipes  might  become  negative  to  the  tracks  and  such  ties  deliver 
current  into  the  pipe  system.  Such  connections  are  sometimes 
advocated  as  a  means  of  reducing  voltage  drops  in  the  negative 
return,  but  the  objections  to  such  procedure  are  too  obvious  to  be 
discussed  here.  It  is  not  desirable  in  general  to  prohibit  all 
metallic  connections  between  pipes  and  railway  negative  return 
in  the  regions  near  the  power  stations,  although  in  general  in  city 
systems  such  connections  are  not  desirable,  except  in  the  case  of 
lead  cable  systems  where  properly  restricted  drainage  may  be 
used.  There  are,  however,  special  cases  in  which  it  might  be 
desirable  to  install  such  ties  on  pipe  systems,  and  this  should  not 
be  entirely  prohibited  by  the  regulations. 

{d)  Interconnection  of  Tracks. — Wherever  two  or  more  railway 
systeins  operate  in  the  same  territory  it  is  of  the  greatest  impor- 
tance that  the  tracks  should  be  electrically  connected  together  at 
all  intersections  and  such  interconnection  should  be  required  by 
regulations.  In  special  cases  where  tracks,  either  of  the  same  or 
different  railway  lines,  parallel  each  other  for  a  considerable  dis- 
tance, such  as  half  a  mile  or  more,  and  where  the  tracks  are  only 
a  block  or  so  apart,  it  is  important  that  occasional  crossties  between 
the  lines  be  installed  to  prevent  wide  fluctuations  of  voltage 
between  them.  This  would  be  a  special  provision  designed  to  meet 
local  conditions  rather  than  a  general  rule. 

(e)  Track  Maintenance. — If  the  voltage  drops  in  the  tracks  be 
limited  by  regulation  and  if  a  sufficient  number  of  potential  wires 
are  installed  not  only  to  the  remote  points  of  the  system,  but  also 
to  intermediate  points  so  that  the  potential  gradients  on  practically 
all  sections  of  the  track  of  lengths  from  1000  to  3000  feet  can 
be  readily  measured,  it  would  not  appear  desirable  to  superpose 
on  this  any  additional  regulation  in  regard  to  track  maintenance, 
leaving  that  matter  entirely  to  the  railway  company.  If,  however, 
potential  wires  are  connected  only  to  the  remote  portions  of  the 
network,  they  would  not  give  sufficient  data  in  regard  to  elec- 
trolysis conditions  at  intermediate  points,  and  in  such  cases  it 
would  be  desirable  to  have  some  sort  of  regulation  covering  track 
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maintenance.  This  might  take  the  form  of  a  rule  requiring 
periodic  tests  and  reports  of  the  condition  of  the  track  bonding, 
and  definitions  regarding  what  may  be  considered  a  good  or  bad 
bond. 

Practice  in  regard  to  the  latter  point  varies  considerably  in  this 
country,  but  in  general  where  the  resistance  of  a  joint  (including  3 
feet  of  rail)  exceeds  the  resistance  of  a  length  of  from  6  to  10  feet 
of  rail  the  joint  is  considered  defective.  Cross  bonding  between 
tracks  should  also  be  required  at  frequent  intervals. 

The  best  practice  in  this  country  at  the  present  time  calls  for 
cross  bonds  at  intervals  of  from  200  to  500  feet  of  track,  according 
to  traffic  conditions,  and  bonding  at  shorter  distances  is  required 
where  the  traffic  is  heaviest.  Such  bonds  should  be  designed  to 
carry  the  maximum  current  to  which  they  can  be  subjected  in  use. 

(/)  Exemptions. — Where  railway  lines  operate  in  a  territory 
remote  from  pipe  systems  exemptions  from  stringent  regulations 
should  generally  be  made.  The  German  regulations  exempt 
entirely  railway  lines  which  operate  at  a  distance  exceeding  200 
meters  (650  feet)  from  any  pipe  systems.  Such  an  exemption 
undoubtedly  involves  no  danger  to  the  underground  structures. 
Where  the  railway  line  is  so  constructed  that  the  rails  are  practi- 
cally insulated  from  the  earth,  such,  for  example,  as  a  railway  line 
on  a  private  right  of  way  on  which  the  rails  are  set  up  on  wooden 
ties  entirely  out  of  contact  with  the  earth,  exemption  from  rigorous 
voltage  regulations  regarding  track  potentials  should  also  be  made. 

{g)  Insulated  Negative  Feeders. — If  the  regulations  prescribe 
certain  specific  and  definite  voltage  limitations  that  must  be 
complied  with,  it  will  not  be  best  to  specify  the  manner  in  which 
such  regulations  are  to  be  met.  In  order,  however,  to  make  it 
readily  possible  to  further  improve  conditions  at  a  later  date, 
if  such  improvement  should  be  found  necessary,  and  to  accom- 
plish this  without  any  appreciable  extra  cost  to  the  railway 
companies,  it  would  be  well  to  require  that  in  any  future  con- 
struction wherever  negative  feeders  are  installed  at  all  they 
should  be  installed  as  insulated  feeders  in  such  3,  way  that  they 
may,  when  necessary,  be  converted  into  what  has  been  defined 
in  this  paper  as  an  insulated  negative  feeder  system.  The  insu- 
lation of  negative  feeders  in   this  way  is  practically  no  more 
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expensive  than  the  installation  of  uninsulated  feeders,  co  that 
no  hardship  would  be  imposed  on  the  railway  company  by  such 
requirements;  on  the  other  hand,  in  case  future  experience  showed 
it  to  be  necessary  to  still  further  reduce  voltage  drops,  it  would 
be  a  decided  advantage  to  the  railway  company  to  the  have 
feeders  installed  in  this  way. 

6.  RESPONSIBILITIES    OF    OWNERS    OF    UNDERGROUND    UTILITIES 

REGARDING  ELECTROLYSIS 

In  considering  the  subject  of  regulations  for  the  mitigation  of 
electrolysis,  it  should  be  borne  in  mind  that  while  the  railway 
companies  are  chiefly  responsible  for  reducing  stray  currents  to 
as  low  values  as  are  commercially  practicable,  the  owners  of 
underground  utilities  also  must  be  considered  to  have  certain 
responsibilities,  particularly  in  so  far  as  new  construction  work 
is  concerned  in  territory  already  occupied  by  electric  railways. 

There  are  a  number  of  things  that  pipe  and  cable  owning  com- 
panies can  do  at  a  very  slight  additional  expense  that  will  go 
very  far  to  reduce  electrolysis  trouble,  provided  such  measures 
are  taken  at  the  time  the  pipes  or  cables  are  installed.  For 
example,  in  new  work  or  repairs,  pipe  lines  should  be  laid  as  far 
as  possible  from  railway  tracks.  Where  the  density  of  service 
connections  is  suflticient  to  justify  the  use  of  two  mains,  one  on 
each  side  of  the  street,  these  should  be  laid  down  in  order  to 
eliminate  the  necessity  for  running  services  across  under  the 
railway  tracks.  This  is  quite  common  practice  in  many  places 
where  the  utilities  are  highly  developed,  and  it  could  frequently 
be  extended  in  many  instances  with  considerable  improvement 
in  local  electrolysis  conditions.  Further,  in  laying  new  mains  or 
repairing  old  ones,  it  is  very  simple  and  inexpensive  to  install  a 
sufficient  number  of  insulating  joints  largely  to  reduce  stray 
currents  in  that  portion  of  the  pipe  network,  and  such  construc- 
tion should  be  encouraged  in  every  practicable  way. 

Wherever  it  is  necessary  to  run  service  pipes  across  the  street 
under  railway  tracks,  care  should  be  taken  either  to  lay  them  as 
far  as  practicable  below  the  tracks  or  else  to  provide  substantial 
insulation  between  the  service  pipe  and  the  track  or  between  the 
service  and  the  main  by  means  of  insulating  joints;  the  latter 
will  generally  be  found  cheapest  and  most  effective. 
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7.  LIMITATION  OF  PIPE  DRAINAGE 

In  view  of  the  fact  that  excessive  drainage  of  current  from  one 
pipe  system  may  set  up  a  condition  of  serious  danger  in  a  neigh- 
boring system,  measin-es  should  be  taken  to  so  restrict  the  drain- 
age of  current  from  any  one  underground  metallic  structure  that 
it  will  not  be  maintained  at  a  potential  sufficiently  lower  than  sur- 
rounding structures  to  cause  any  serious  injury  thereto. 

8.  ADMINISTRATION  OF  REGULATIONS 

Where  regulations  governing  electrolysis  mitigation  are  neces- 
sary, they  should  preferably  be  enacted  and  administered  by 
State  authority,  where  the  necessary  administrative  machinery 
is  available.  In  the  absence  of  such  administrative  authority, 
however,  the  cities  in  which  the  utilities  operate,  should  take  the 
initiative.  The  Federal  Government,  while  competent  to  carry 
out  engineering  investigations  bearing  on  the  problem  as  it  is  now 
doing,  can  not  undertake  to  prescribe  or  administer  regulations. 
Where  State  public  utility  commissions  are  in  existence,  they  con- 
stitute the  most  logical  and  competent  authority  to  deal  with 
this  subject.  Such  State  commissioners  are  not  only  able  to  deal 
with  the  subject  in  a  broader  and  more  comprehensive  way  than 
the  majority  of  local  bodies,  especially  in  smaller  cities,  but  their 
freedom  from  the  influences  of  local  interests  will  often  enable 
them  to  deal  more  wisely  and  justly  with  all  companies  involved. 

It  is  in  the  highest  degree  desirable  that  regulations  be  made 
as  few  and  as  simple  as  possible,  to  the  end  that  the  various  util- 
ities concerned  may  enjoy  the  greatest  freedom  of  action  consist- 
ent with  safety  to  the  underground  structures. 

The  present  apparent  necessity  for  regulations  governing  this 
subject  is  due  to  the  lack  of  cooperation  in  the  past  between  the 
railway  companies  and  the  owners  of  underground  utilities.  If 
the  various  interests  concerned,  and  particularly  the  railway  com- 
panies, would  show  a  greater  disposition  than  they  have  com- 
monly done  to  meet  the  issue,  and  instead  of  practically  ignoring 
the  subject,  as  has  been  too  often  done,  would  treat  the  matter 
as  one  of  the  engineering  problems  connected  wdth  the  operation 
of  street  railways,  the  need  for  stringent  regulations  would  be 
largely  eliminated  with  advantage  to  all  concerned.     In  the  ab- 
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sence  of  such  a  far-sighted  policy,  however,  compulsory  and  per- 
haps more  or  less  burdensome  regulations  will  become  inevitable. 

VI.  SUMMARY 

Among  the  more  important  conclusions  brought  out  in  the  fore- 
going paper  are  the  following: 

1.  The  electrolysis  problem  was  for  a  long  time  neglected  in 
America,  and  partly  as  a  result  of  this,  is  now  more  serious  than 
in  those  European  countries  which  early  met  it  by  Government 
regulations.  During  the  last  few  years,  however,  much  greater 
attention  is  being  given  to  this  subject  by  railway  companies 
generally. 

2.  Electrolysis  may  give  rise  to  a  number  of  different  classes 
of  injury,  such  as  fires,  explosions,  and  damage  to  concrete  struc- 
tures. However,  the  damage  from  these  effects  is  in  the  aggre- 
gate relatively  small.  By  far  the  greater  portion  of  the  damage 
due  to  electrolysis  is  that  arising  from  corrosion  of  underground 
pipes  and  cables.  In  particular,  electrolytic  damage  to  concrete 
structures  is  to  be  feared  only  where  voltage  conditions  are  excep- 
tionally severe,  or  in  the  case  of  comparatively  low  voltages  when 
salt  has  been  added  to  the  concrete  either  during  or  after 
construction. 

3.  In  general,  those  remedial  measures  that  are  applicable  to 
pipe  systems  should  be  regarded  as  secondary  means  of  mitiga- 
tion of  electrolysis  trouble,  the  principal  reliance  being  proper 
construction  and  maintenance  of  the  railway  return  circuit.  In 
special  cases,  however,  mitigative  meastues  may  be  applied  only 
to  the  underground  structures. 

4.  Of  the  mitigative  measures  applicable  to  pipes  only  a  few 
of  those  that  have  been  advocated  have  found  much  application. 
The  two  most  commonly  applied  are  the  installation  of  insulating 
joints  and  the  use  of  pipe  drainage.  Both  these  methods  are 
valuable  under  certain  conditions,  the  former  particularly  where 
new  pipes  are  being  laid  and  the  latter  for  application  to  isolated 
pipe  systems  without  insulating  joints  and  where  no  other  under- 
ground utilities  are  present  to  cause  complications.  In  most 
cases,  however,  these  systems  should  be  restricted  to  use  as 
auxiliary  means  of  protection,  after  reasonable  precautions  have 
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been  taken  to  reduce  potential  drops  in  the  tracks  to  as  low  values 
as  are  economically  practicable.  In  any  case  where  pipe  drain- 
age is  used,  the  drainage  should  be  through  the  medium  of  insulated 
feeder  systems,  so  adjusted  as  to  take  the  minimum  possible 
current  from  the  pipes  at  all  points. 

5.  Of  the  methods  applicable  to  railways  the  most  important 
of  those  which  have  been  thoroughly  tried  out  are  the  adequate 
maintenance  of  track  bonding,  the  use  of  a  proper  number  and 
location  of  power  houses  or  substations,  and,  where  the  carrying 
capacity  of  the  rails  is  not  sufficient  to  return  current  to  stations 
without  excessive  drop,  the  use  of  insulated  negative  feeders  for 
the  return  of  such  current,  these  latter  being  much  more  econom- 
ical than  uninsulated  feeders  where  large  reductions  of  potential 
drop  are  required.  The  three- wire  system  has  proved  effective 
in  relieving  electrolysis  and  should  prove  satisfactory  from  the 
electrolysis  standpoint  where  operating  conditions  are  favorable 
to  its  use.  Thus  far,  however,  too  little  experience  has  been 
had  with  this  system  to  justify  more  than  tentative  conclusions. 

6.  Such  remedial  measures  as  have  been  adopted  in  this  country 
have  usually  been  applied  to  the  pipes,  and  in  general  they  have 
proven  much  less  effective  than  measures  used  in  certain  foreign 
countries  where  regulations  limiting  voltage  drops  in  the  nega- 
tive return  have  long  been  in  eft'ect  and  have  been  accompanied 
by  substantial  freedom  from  electrolysis  troubles.  Experience 
both  here  and  abroad  indicates  that  such  limitation  of  voltage 
drop  is  necessary  to  a  satisfactory  solution  of  the  problem. 

7.  In  defining  the  voltage  limitations  either  the  all-day  average 
value  or  the  average  value  for  a  period  not  less  than  one-half  hour 
may  be  used;  the, former,  however,  is  preferable,  since  it  affords 
the  best  criterion  of  the  actual  danger  involved  and  is  also  more 
satisfactory  from  the  standpoint  of  the  railway  companies.  A 
shorter  period  than  half  an  hour  is  too  short  to  give  a  satisfactory 
basis  for  voltage  regulations  that  are  to  be  applied  to  the  railway 
systems. 

8.  In  fixing  voltage  limitations  some  plan  analogous  to  the  zone 
system  should  be  adopted,  the  voltage  limits  prescribed  for  the 
various  zones  being  determined  largely  by  the  degree  of  develop- 
ment of  the  underground  utilities  in  the  various  zones. 
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9.  The  voltage  drops  either  in  the  tracks  or  in  the  pipes,  and  earth 
may  be  used  as  the  basis  of  fixing  limitation,  but  in  general  the 
latter  is  to  be  preferred. 

10.  Under  most  conditions  over- all  voltages  in  railway  tracks 
should  be  limited  to  about  2  to  4  volts,  and  the  potential  gradients 
should  in  general  be  restricted  to  about  0.3  to  0.4  volt  per  thousand 
feet,  these  figures  being  all-day  average  values,  or  to  corresponding 
values  based  on  averages  for  a  period  of  not  less  than  half  an  hour. 
The  higher  over- all  voltage  limit  will  generally  apply  to  the  longer 
feeding  distance  and  outlying  districts,  while  the  higher  potential 
gradient  limit  can  be  permitted  where  feeding  distances  are 
relatively  short.  Potential  drops  on  pipe  systems  should  be, 
roughly,  half  of  these  figures. 

11.  In  order  that  ready  determination  of  voltage  drops  can  be 
made  at  any  time,  potential  wires  should  be  installed  running 
from  some  central  point  to  selected  points  on  the  railway  or  pipe 
netvv^orks.  These  points  should  mclude  the  points  of  approxi- 
mately highest  and  lowest  potential,  and  preferably  also  some 
intermediate  points. 

12.  Exemption  from  any  regulations  regarding  track  voltages 
should  be  made  in  special  cases  as  set  forth  in  this  paper,  where 
local  conditions  make  it  improbable  that  any  serious  damage 
would  result. 

13.  Any  regulations  governing  electrolysis  mitigation  should 
be  made  to  apply  not  alone  to  the  railway  system,  but  should  also* 
define  the  responsibilities  of  the  owners  of  underground  utilities, 
since  the  latter  can  often  contribute  materially  to  the  diminution 
of  the  trouble  at  a  practically  negligible  cost. 

Washington,  March,  191 8. 
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APPENDIX  1.— EXTRACT  FROM  PAPER  ON  **  MEANS  FOR  PREVENTING 
ELECTROLYSIS  OF  BURIED  METAL  PIPES  "  a 

*  *  *  Having  referred  to  the  method  of  preventing  electrolysis,  which  has  been 
employed  on  a  portion  of  the  pipes  in  Boston  and  in  some  other  American  cities  for  sev- 
eral years,  and  to  some  of  the  erroneous  ideas  on  the  subject,  we  may  now  present  the 
outline  for  another  method  of  minimizing  the  danger.  No  description  of  this  plan 
has  ever  before  appeared  in  print.  It  is  furthermore  attractive  as  lying  entirely  within 
the  power  of  the  railway  companies  to  adopt.  It  is  not  excessively  expensive  and  it 
does  not  involve  connections  with  other  companies'  property,  nor  the  mutual  coopera- 
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Fig.  37. — Diagram  showing  the  difference  in  potential  along  an  electric  railway 

lion  of  cities  or  corporations.     By  this  method  the  tracks  of  the  railway  will  also  be 
preserved  from  electrolytic  action. 

In  order  to  bring  the  principle  clearly  before  the  reader,  the  writer  would  call  atten- 
tion to  a  fact  generally  kno%vn,  but  often  ignored.  In  all  cities  where  electric  railways 
operating  the  single-trolley  system  are  in  use,  and  especially  where  trouble  from  elec- 
trolysis has  been  discovered,  it  is  found  that  the  earth  in  one  section  of  the  city  has  a 
different  electrical  condition  from  that  in  certain  other  sections.  If  an  insulated  wire, 
having  included  in  its  length  a  suitable  galvanometer  or  voltmeter,  is  extended  between 
a  ground  plate  located  near  the  railway  power  house  and  another  ground  plate  located 
a  mile  distant  from  the  first  plate,  as  shown  in  the  diagram  marked  Fig.  i  [identified 
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as  Fig.  37  in  this  publication],  a  difTerence  of  potential  will  be  found  to  exist  between 
these  plates.  If  the  dynamo  is  connected  with  its  positive  pole  to  the  trolley,  the 
ground  plate  situated  at  the  greater  distance  will  be  positive  to  the  plate  near  the  power 
house. 

Some  of  the  fire  underwriters  recognize  this  difference  of  potential  as  a  danger,  and 
they  attempt  to  rule  against  it.  The  writer  has  known  such  difference  of  potential  to 
reach  50  volts  and  more.  The  earth  in  the  distant  territory  is,  so  to  speak,  saturated 
with  positive  electricity,  while  near  the  station  it  is  being  "pumped  out"  or  made 
negative  by  the  dynamo.  This  want  of  a  level,  or  balance,  in  the  electrical  condition 
of  the  earth,  leads  to  a  flow  of  the  current  from  the  higher  to  the  lower  electrical  level, 
much  as  would  occur  if  water  should  replace  the  electricity.  In  flowing,  the  elec- 
tricity finds  its  way  into  pipes  and  cables,  and,  on  leaving  them  at  the  lower  level, 
causes  the  electrolytic  action. 

Fig.  2  [identified  as  Fig.  38  in  this  publication],  on  the  next  page,  will,  by  analogy, 
fairly  illustrate  this  want  of  electrical  balance  or  level  in  the  earth.  The  line  A  repre- 
sents the  surface  of  the  earth;  B,  the  surface  of  a  flood  of  water  produced  by  a  heavy 
rain,  and  flowing  to  a  low  plane  where  a  pump  is  drawing  the  water  from  the  earth  in  a 
limited  district. 
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Fig.  ^9>. — Diagram  illustrating  the  want  of  electrical  balance  in  the  earth 

If,  now,  we  can  preserve  a  level  or  balance  in  the  electrical  condition  throughout  the 
city,  or,  in  other  words,  prevent  a  difference  of  potential,  there  will  be  no  disposition 
for  a  current  to  flow  from  one  portion  of  the  city  to  another.  It  is  the  purpose  in  the 
plan  now  proposed  to  accomplish  this  equalization  of  potential  as  nearly  as  possible. 
To  ilUustrate  by  the  water  analogy,  Fig.  3  [identified  as  Fig.  39  in  this  publication] 
shows  the  flood  of  water  being  pumped  from  many  points  on  the  surface  of  the  earth 
by  pipes  of  proper  size,  so  that  there  is  substantially  no  difference  of  water  level,  and 
therefore  no  flow  from  one  distant  point  on  the  earth  to  another.  A  comparison  of  this 
figure  with  the  one  above  it  will  render  the  point  clearer. 

As  may  be  anticipated  by  a  study  of  the  principles  already  set  forth,  the  new  method 
consists  in  extending  from  the  negative  or  rail  side  of  the  dynamo  an  insulated  return 
wire,  either  on  poles  or  underground,  throughout  the  entire  length  of  the  railway, 
including  all  cross-town  or  branch  tracks.  This  return  wire  is  to  be  of  such  size  as  to 
properly  carry  the  current  and  to  maintain  the  return  path  at  a  comparatively  low 
resistance.  For  a  track  extending  3  miles  in  any  one  direction  from  the  power  house  a 
No.  0000  copper  wire  would  give  a  resistance  of  but  1  ohm  from  the  most  distant  point. 
Two  such  wires,  about  one-third  inch  in  diameter  each,  would  not  seem  excessive  in 
cost,  and  would  render  the  maximum  resistance  but  one-half  ohm  from  car  to  power 
house. 
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In  large  railway  systems  a  still  heavier  main  return  may  be  employed.  From  this 
general  return  wire  or  system  of  wires  frequent  connections  would  be  extended  to  the 
track  system,  say  one  at  every  other  pole  (200  feet).  Let  these  connections  between 
the  general  return  wire  and  the  rails  be  of  such  size,  or  shape,  as  to  cause  the  resistance 
from  the  rail  at  the  nearest  point  to  the  power  house  to  be  the  same,  no  more  nor  less, 
than  from  the  most  distant  rail  connection  to  the  power  house;  that  is,  with  such  a 
system,  if  the  resistance  of  the  circuit  from  the  rail,  3  miles  distant,  to  the  power  house 
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Fig.  39. — Diagram  illustrating  an  example  of  electrical  balance 

is  one-half  ohm,  the  resistance  from  any  othe"  point  along  the  route  of  the  track  shall 
also  be  one-half  ohm  to  the  power  house.  Allow  no  ground  connection  on  the  dynamos 
and  no  direct  connection  to  the  rails  without  the  proper  resistance.  Fig.  4  [identified 
as  Fig.  40  in  this  publication]  roughly  represents  such  a  system.  It  should  be  under- 
stood that  the  rails  are  to  be  suitably  bonded  under  this,  as  other  systems  using  the 
rails  for  a  portion  of  the  electric  circuit. 
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Fig.  40. — A  system,  with  which  electrolysis  of  buried  pipes  is  avoided 

If,  now,  we  imagine  an  approximately  uniform  distribution  of  cars,  there  can  be 
no  rise  or  fall  of  potential  in  the  earth  except  at  the  very  limited  areas  between  the 
several  points  where  the  rails  are  connected  to  the  general  return  wire  system.  Cars 
LU-e  not,  of  course,  equally  distributed  over  a  city,  and,  therefore,  perfect  results 
can  not  be  reached  by  carrying  out  this  plan,  but  to  adopt  it  is  certainly  working 
in  the  right  direction,  and  as  the  distribution  of  cars  approximates  uniformity,  the 
advantages  of  the  system  will  approach  the  maximum.     On  the  other  hand,  with 
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the  present  usual  manner  of  connecting  the  return  wires  to  the  tracks  there  never 
can  be  a  condition  where  a  difference  of  potential  will  not  exist  between  different 
sections  of  a  city,  no  matter  how  nearly  perfect  the  rail  system  is  constructed  as  a 
return  conductor,  and,  therefore,  there  can  be  no  elimination  of  current  passing 
from  a  higher  to  a  lower  potential  throughout  a  city;  and,  of  course,  as  the  currents 
pass  through  the  earth,  pipes  are  brought  into  the  path,  and  constitute  a  portion  of 
the  electric  conductor,  with  all  the  possibilities  of  electrolysis  wherever,  from  a  poor 
joint  or  for  other  reasons,  the  currents  leave  the  pipes  for  the  damp  earth  on  their 
way  to  the  negative  side  of  the  dynamo. 

This  system  of  returning  the  railway  current  will  accomplish  several  desirable 
ends:  (i)  It  will  allow  but  very  little  current  to  enter  the  earth  and  flow  therein; 
(2)  the  current  through  the  earth  being  minimized,  electrolysis  will  to  that  extent 
be  prevented;  (3)  having  by  this  means  reduced  the  danger  of  electrolysis  to  small 
proportions,  it  will  be  comparatively  easy  to  take  care  of  the  remaining  danger,  if 
such  be  found,  by  resorting  to  the  means  described  in  the  previous  paper;  (4)  in 
addition  to  practically  overcoming  the  danger  of  electrolysis,  the  annoyance  to  tele- 
graph, telephone,  burglar  alarm,  and  other  grounded  circuits,  due  to  difference  of 
potential  in  different  sections  of  a  city,  v/ill  be  incidentally  removed. 

The  equi-potential  return  system  just  described  has  so  far  been  tried  in  a  New 
England  city  as  to  indicate  practically  that  the  benefits  claimed  for  it  may  be  con- 
fidently expected. 
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Fig.  I. — Fusible  tin  boiler  plug 
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I.  INTRODUCTION 

The  fusible  boiler  plug  in  its  usual  form  consists  of  a  brass  or 
bronze  casing  with  external  pipe  thread,  filled  from  end  to  end  with 
a  fusible  metal  or  metal  composition,  which  has  a  melting  point 
around  200°  C  (390°  F) ;  two  such  plugs  are  shown  in  Fig.  i . 
These  are  fitted  at  various  places  into  the  boiler,  either  in  the 
flues,  tubes,  or  combustion  chamber,  in  such  a  position,  however, 
that  they  are  about  i  inch  or  more  above  the  dangerous  low- water 
level,  with  one  end  on  the  fire  and  one  end  on  the  water  side.  As 
long  as  the  water  level  in  the  boiler  is  above  these  plugs  the  tem- 
perature of  the  latter  remains  below  the  melting  point  of  the 
filling  (at  150  pounds  boiler  pressure  the  temperature  is  about 
180°  C  or  357°  F),  but  if  the  water  falls  much  below  the  level 
of  the  plug,  opportunity  is  given  for  a  local  overheating  in  the 
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vicinity  of  the  plug.  The  fiUing  of  the  plug  then  melts  and  is 
blown  out. 

The  fusible  plug  seems  to  be  an  old  English  invention  and  to 
have  been  in  use  for  many  years.  It  has,  in  fact,  been  required 
to  be  installed  in  all  steam  vessels  of  the  American  merchant 
marine  since  1852,  and  is  now  required  in  all  boilers  except  pipe, 
flash,  or  coil  boilers  on  vessels  subject  to  inspection  by  the  Steam- 
boat Inspection  Service,  Department  of  Commerce.  This  inspec- 
tion includes  approximately  11  850  boilers  requiring  installation 
of  boiler  plugs. 

Fusible  plugs  are  also  used  elsewhere  than  in  boilers  of  the 
American  merchant  marine.  They  are  used  in  many  but  not  all 
factory  and  locomotive  boilers  in  this  country  and  abroad,  but 
are  not  generally  used  in  marine  boilers  abroad. 

They  are  also  not  used  in  the  United  States  naval  service,  the 
practice  there  not  favoring  the  installation  of  safety  devices  of 
any  sort,  fusible  plugs  or  otherwise,  as  it  is  considered  that  there 
presence  fosters  negligence.  This  opinion — at  least  in  so  far  as 
it  concerns  boiler  plugs — appears  to  be  shared  also  by  many 
railroad  authorities. 

1.  SPECIFICATIONS  FOR  FUSIBLE  TIN  BOILER  PLUGS 

Four  typical  sets  of  specifications  for  fusible  tin  boiler  plugs 
are  given  in  Appendixes  2  and  3.  In  Appendix  2  are  given  the 
existing  specifications  of  the  Steamboat  Inspection  Service,  of 
the  Interstate  Commerce  Commission,  and  the  recommended 
specifications  of  the  American  Society  of  Mechanical  Engineers. 
In  Appendix  3  are  given  the  specifications  of  the  Steamboat- 
Inspection  Service  in  force  in  July,  1914,  at  the  time  the  present 
investigation  was  begun. 

Tin  seems  to  be  the  metal  used  at  present  almost  exclusively 
as  the  fusible  constituent  of  such  plugs,  and  is  required  by  the 
above  specifications.  It  would  seem  to  be  in  this  respect  a  desir- 
able metal,  having  a  low  melting  point,  being  only  slightly  cor- 
rodible  and  easily  obtained  pure.  Its  desirability  in  this  respect 
is  nevertheless  to  some  extent  called  in  question  by  the  results  of 
the  investigational  survey  of  fusible  tin  boiler  plugs,  which  was 
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made  at  this  Bureau,  from  June,  1914,  to  March,  1915.  These 
specifications  will  be  referred  to  again  briefly  in  Section  II,  and 
also  in  Section  IV  after  describing  the  experiments  at  this  Bureau. 

II.  EXAMINATION  AND  INVESTIGATION  OF  PLUGS 

On  May  11,  19 14,  a  boiler  of  the  steamship  Jefferson  exploded, 
causing  the  loss  of  life  of  several  persons.  Investigation  showed 
this  explosion  to  have  been  due  to  low  water  and  consequent  over- 
heating of  the  boiler  plates.  This  should  have  been  indicated  by 
the  melting  of  the  filling  of  the  Banka  tin  plug  in  that  region, 
which  plug,  however,  was  found  to  be  unmelted  and  apparently 
or  at  least  superficially  sound. 

At  the  suggestion  of  the  Secretary  of  Commerce,  this  plug  was 
sent  to  this  Bureau  for  determination  of  its  cause  of  failure.  It 
was  sawed  open  longitudinally  and  was  found  to  contain  traces 
only  of  the  original  tin,  embedded  in  a  dirty,  greenish- white 
matrix.  A  photograph  of  this  central  longitudinal  section  is 
shown  in  Fig.  2,  in  which  the  light  regions  represent  the  remain- 
ing tin.  The  matrix  was  found  to  be  largely  tin  oxide,  Sn02, 
which  upon  test  showed  a  melting  point  above  1600°  C  (about 
2900°  F).  This  oxide  was  distributed  in  such  a  form  and  quan- 
tity that  it  held  the  pressure  of  the  boiler,  and  would  not  have 
melted  until  the  bronze  of  the  casing  and  even  the  steel  of  the 
boiler  had  melted.  When  reliance  is  placed  upon  such  a  plug  to 
give  warning  of  dangerous  boiler  conditions  it  is  to  be  looked 
upon  as  an  actual  source  of  danger  instead  of  safety. 

The  question  arose  then,  To  what  is  the  presence  of  tin  oxide 
to  be  ascribed;  was  it  there  originally;  has  it  been  formed  by 
corrosion;  and,  if  so,  is  the  cause  for  its  comparatively  rare  occur- 
rence in  such  plugs  to  be  sought  wholly  in  the  different  operating 
conditions  of  the  boilers,  or  is  a  fault  in  the  method  of  manu- 
facture of  these  plugs  at  least  partially  responsible?  A  search  in 
the  literature  failed  to  reveal  any  reference  to  failures  of  fusible 
tin  plugs  of  this  sort,  except  vague  statements  that  they  were  not 
entirely  reliable,  due  to  the  formation  of  boiler  scale  on  the  inside 
and  soot  on  the  outside,  and  a  statement  that  the  filling  was  likely 
to  change  its  melting  point  during  service.  No  data  could  be 
found  concerning  the  oxidation  of  tin  at  higher  temperatures. 
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A  request  was  then  made  to  the  Steamboat-Inspection  Service 
that  more  plugs  be  sent  to  the  Bureau  for  test,  both  new  plugs 
and  also  those  which  had  been  removed  by  the  inspectors,  in 
order  that  by  an  inspection  of  these  plugs  information  might  be 
obtained  bearing  on  the  points  raised  above.  In  answer  to  the 
request  1050  plugs  were  received,  of  which  about  100  had  been 
in  service  varying  from  4  to  12  months,  and  representing  the 
products  of  105  firms. 

These  plugs  were  first  examined  to  ascertain  whether  their  di- 
mensions corresponded  to  the  specifications  of  the  Steamboat- 
Inspection  Service.  They  were  then  sawed  open  axially  through 
the  center  and  the  form  and  condition  of  the  filling  observed,  par- 
ticular attention  being  paid  to  the  presence  of  oxide,  scoriae, 
blowholes,  and  other  faults  originating  either  in  the  manufacture 
of  the  plugs  or  during  their  service. 

1.   DESIGN  AND   CONSTRUCTION 

The  specifications  require  certain  minimum  values  of  the  di- 
ameter of  the  tin  filling  at  both  ends.  In  three  plugs  from  three 
firms  these  dimensions  were  less  by  one  sixty-fourth  inch  than 
the  prescribed  value. 

The  specifications  in  force  at  the  time  these  plugs  were  manu- 
factured called  for  a  bore  "tapering  evenly  from  end  to  end  of 
filling."  (See  Appendix  3.)  Of  1033  plugs  examined  in  this  re- 
spect, 97  did  not  correspond  to  this  specification.  These  were  man- 
ufactured by  30  firms.  Of  these,  27  contained  fillings  having  ribs 
projecting  into  the  casing,  3  contained  threaded  fillings,  and  22 
contained  fillings  which  were  not  tapered  along  their  entire  length. 
In  four  plugs  from  the  same  manufacturer  the  bore  of  the  casing 
had  not  been  machined  after  casting  and  the  filling  could  be 
easily  dislodged  from  the  casing. 

It  may  be  noted  here  that  the  correct  design  of  such  a  plug  is 
of  more  importance  than  might  be  casually  supposed.  It  is 
shown  below  that,  owing  to  the  difference  in  the  coefficients  of 
expansion  of  the  casing  and  of  the  filling  of  such  a  plug  and  to 
the  existence  of  an  allotropic  change  in  tin  at  about  160°  C 
(320°  F),  there  will  be  interplay  between  casing  and  filling  unless 
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the  design  is  such  as  to  support  the  filling  rigidly  in  the  casing 
and  unless  the  adhesion  between  the  two  is  excellent. 

A  smooth  bore  ''tapering  evenly  from  end  to  end"  is  from  this 
consideration  not  to  be  recommended,  and,  indeed,  the  Steamboat- 
Inspection  Service  has  recently  allowed  a  fine  inside  thread.  It 
is  hardly  evident,  however,  why  a  thread  should  be  allowed,  and 
not  other  types  of  recess  or  projecting  shoulder,  to  keep  the  tin 
filling  rigidly  in  place. 

The  new  plugs,  about  950  in  number,  were  all  of  sound  appear- 
ance, and  none  showed  the  presence  of  oxide  or  scoriae  in  the  tin 
fining.  A  number  of  the  plugs  contained  minute  blowholes,  and 
about  10  of  the  950  plugs  showed  blowholes  of  from  yi  to -^  inch 
in  diameter.  The  inner  surface  of  these  blowholes  was  always 
clean  and  bright. 

2.  TYPES  OF  DETERIORATION 

The  condition  of  the  tin  in  the  plugs  which  had  been  in  service 
varied  greatly.  A  few  of  the  fillings  were  piped  or  showed  blow- 
holes, the  surfaces  of  which  were  clean  and  bright. 

1.  There  were  22  plugs  from  10  firms  which  showed  sound 
fillings  that  had  remained  apparently  absolutely  unchanged  after 
a  service  of  12  months  in  most  cases. 

2.  In  47  plugs  from  21  firms  the  filling  had  been  partially  melted 
away  at  the  fire  end,  as  shown  in  Figs.  3  and  4.  The  fillings 
were  otherwise  sound.  In  about  10  of  these  plugs  a  scale  of  oxide 
coating  had  been  left  on  the  inside  of  the  casing  bore  as  can  be 
seen  in  Fig.  4.  In  the  other  cases  the  fire  end  of  the  casing  bore 
was  clean. 

3.  In  II  plugs  from  6  firms  (besides  those  of  class  5  (a)  below) 
the  filling  had  expanded  and  protruded  at  the  fire  end  (small  end) 
or  at  both  ends.  This  is  shown  in  Figs.  5,  6,  and  12.  The  fillings 
were  sound  except  that  in  9  cases  a  layer  of  oxide  was  to  be  found 
between  the  casing  and  filling,  as  is  shown  in  Fig.  7.  This  layer  is 
usually  seen  to  start  from  the  fire  end.  The  oxidation  at  the  edge 
of  the  filling  was  probably  preceded  by  a  loosening  of  the  plug 
in  its  casing  which  allowed  access  of  flue  gases.  This  is  discussed 
below. 

3401°— 15 2 
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4.  Seven  plugs  were  either  corroded  or  pressed  in  at  the  water 
end,  the  appearance  of  one  of  which  is  shown  in  Fig.  8.  Although 
the  inside  surfaces  of  the  tin  were  sometimes  corroded,  it  is  prob- 
able that  this  peculiar  form  had  been  assumed  under  the  pressure 
of  the  boiler  while  the  tin  was  at  a  temperature  at  which  it  was 
semiplastic,  i.  e.,  between  195°  and  230°  C.  In  one  case  the  tool 
marks  could  still  be  seen  on  the  inside  (water  side)  surface,  which 
was  sunk  about  5  mm.  at  the  center. 

5.  In  14  plugs,  from  8  firms,  nonmetallic  inclosures  or  in- 
crustations were  found  in  the  filling.  Since  this  mass  was  found 
to  be  in  most  cases,  where  not  otherwise  noted,  practically  pure 
tin  oxide,  SnOj,  contaminated  at  times  with  traces  of  ZnO  and 
CuO,  it  will  hereafter  be  referred  to  as  it  was  under  (2)  and  (3)  as 
"oxide."    This  oxide  occurred  in  several  forms. 

(a)  In  4  plugs  from  one  firm  the  oxide  was  practically  pure 
SnOj  with  traces  of  zinc  and  lead  and  no  traces  of  sulphates, 
chlorides,  or  nitrates,  and  occurred  in  the  form  of  a  network,  pro- 
ceeding from  the  water  end  toward  the  fire  end.  This  type  is 
shown  in  Figs.  9,  10,  11,  12,  and  13,  which  show  successive  stages 
of  the  progress  of  the  oxidation.  Of  these  Fig.  9  is  of  plug  No.  56, 
Figs.  10  and  11  of  plug  No.  872,  and  Figs.  12  and  13  of  plug  No. 
40.  The  original  plug  from  a  boiler  of  the  steamship  Jefferson 
shows  a  very  much  more  advanced  state  of  this  type  of  oxidation. 
(See  Fig.  2.) 

It  is  obvious  from  the  following  considerations  that  this  oxida- 
tion occurred  in  service  and  that  the  oxide  was  not  poured  in  with 
the  tin  originally : 

(i)  The  plug  is  always  expanded  outward  at  oxidized  end. 

(2)  The  oxidation  always  starts  from  the  water  end  of  plug  and 
becomes  less  marked  toward  the  fire  end. 

(3)  This  oxide  is  immediately  visible  upon  exposing  a  surface  of 
the  *'tin,"  and  a  plug  containing  it  in  this  form  could  not  escape 
rejection  when  the  plug  ends  were  machine  finished. 

(4)  It  has  been  attempted  and  not  found  possible  to  pour  tin 
plugs  in  which  oxide  veins  or  granules  of  such  coarse  texture  are 
visible.  In  such  attempts  to  do  this  the  tin  was  first  badly  oxidized 
and  then  poured  at  temperatures  varying  from  about  300°  to 
500°  C  (600°  to  900°  F). 
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{h)  In  lo  plugs  from  7  firms  the  fire  end  of  the  plug  was  filled 
for  a  third  to  one-half  of  the  distance  from  the  end  with  a  solid 
adherent  mass  of  what  was  in  many  cases  impure  oxide  of  tin 
with  traces  of  sulphates,  zinc,  lead,  and  copper.  The  characteristic 
appearances  of  these  plugs  are  shown  in  Figs.  14,  15,  16, 17,  and  18. 

6.  Two  plugs  had  the  appearance  shown  in  Fig.  19.  These 
plugs  had  evidently  been  arrested  by  the  inrush  of  "cold"  water 
in  the  very  act  of  blowing  out  while  at  a  temperature  in  which 
they  were  semiplastic. 

The  classification  here  described  is  summarized  in  Table  i. 

TABLE   1 
Types  of  Deterioration 


Condition  of  plug  or  type  of  deterioration 


1.  Filling  sound 

2.  Filling  sound,  but  partially  melted  away 

3.  Filling  expanded 

4.  Filling  corroded  or  pressed  in  at  water  end 

5.  a.  Filling  had  undergone  "network  oxidation" 

5,  h.  Filling  partially  gone  and    casing  filled  partly  with  nonmetallic  matter, 

oxide  of  tin,  plaster  of  Paris,  etc 

6.  Fillings  arrested  in  blowing  out 


Plugs  be- 
longing to 
category  of 
column  1 


Manufac- 
turers 
whose 
products 
belonged 
to  class  of 
column  1 


10 

21 

6 

3 

1 

7 
2 


It  was  evident  that  of  the  approximately  100  used  plugs  exam- 
ined only  7  contained  the  incrustation  or  oxides  in  sufficient 
quantity  and  in  a  form  which  would  have  prevented  the  blowing 
out  of  the  plug  at  the  melting  point  of  tin.  These  were  plugs  40, 
shown  in  Figs.  12  and  13;  43,  similar  to  40;  9,  shown  in  Fig  14; 
27,  shown  in  Fig.  16;  122,  shown  in  Fig.  15;  1045,  shown  in  Fig. 
17;  and  1047,  similar  to  No.  1045. 

In  all  of  these  cases  the  incrustation  or  the  network  of  oxide 
would  probably  have  held  the  boiler  pressure  even  after  the 
melting  of  the  tin  which  still  remained  in  the  plug.  These  plugs 
were  dangerous  plugs. 
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3.   PURITY   OF  TIN  AND   RELATION  TO  DETERIORATION 

In  order  to  relate,  if  possible,  the  types  of  failures  just  enu- 
merated to  the  purity  of  the  tin  in  the  fillings,  the  melting  point 
of  a  number  of  the  used  plugs  as  well  as  of  the  new  ones  was  taken. 
It  is  well  known  that  the  presence  of  metallic  impurities  changes 
the  melting  point  of  a  pure  metal,  and,  indeed,  the  melting  point 
may  be  used,  as  it  was  in  this  case,  as  a  criterion  of  the  purity  of 
a  metal.  Impurities  in  small  amounts,  such  as  lead,  zinc,  bismuth, 
cadmium,  and  copper,  lower  the  melting  point  of  tin,  whereas 
iron  and  antimony  raise  it.  (See  Bomemann,  Die  binaren  Metal 
legierungen,  1909-19 12.) 

As  very  little  material  was  available  from  a  plug,  these  deter- 
minations had  to  be  made  with  small  quantities ;  therefore  several 
were  made  with  a  modified  form  of  the  micropyrometer,  described 
in  this  Bureau's  Scientific  Papers  Nos.  198  and  205,  by  Burgess 
and  by  Burgess  and  Waltenberg,  respectively/  in  which  method 
only  a  minute  amount  of  material  is  required.  As  the  optical 
pyrometer  could  not  be  used  at  this  temperature,  these  deter- 
minations were  made  by  calibration  of  platinum  strip  tempera- 
tures in  terms  of  heating  current.  This  was  done  for  tempera- 
tures of  231°. 9  C  (melting  point  of  tin),  271°  C  (bismuth),  and 
3 20°. 9  C  (cadmium).  For  each  determination  minute  pieces  of 
**  Kahlbaum"  tin  (highest  grade  of  purity)  and  of  the  tin  for  test 
were  placed  side  by  side  on  the  platinum  strip  and  observed  by 
perpendicularly  reflected  light  through  a  microscope. 

The  current  through  the  platinum  strip  was  gradually  increased, 
and  by  noting  the  values  of  the  current  at  which  the  pure  and  the 
test  tin  melted,  respectively,  the  difference  between  their  melting 
points  could  be  computed  from  the  calibration  curve  of  platinum 
strip  temperature  and  heating  current.  This  method  was  satis 
factory  only  for  small  differences  of  temperature  of  one  or  two 
degrees  and  was  in  no  case  as  accurate  as  the  other  determinations 
described  below. 

The  majority  of  the  thermal  purity  tests,  however,  were  made 
as  freezing  point  determinations  by  a  direct  cooling  curve  method 

1  Bulletin  Bureau  of  Standards,  9,  p.  475,  1913;  and  10,  p.  i,  1913. 
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requiring  only  2  or  3  grams  of  the  material.  A  small  glass  tube 
of  about  6  mm  diameter  was  fused  shut  at  one  end  and  2  or  3 
grams  of  the  tin  sample  to  be  tested  was  inserted  and  melted  at 
the  bottom  of  the  tube.  A  copper-constantan  thermocouple, 
made  of  wires  of  0.3  mm  diameter  inclosed  in  a  much  smaller, 
thin- walled  glass  tube,  was  then  placed  in  the  molten  tin,  and  the 
larger  tube  with  tin  and  thermocouple  immersed  in  an  oil  bath, 
15  cm  deep,  which  was  heated  with  a  Bunsen  flame.  The  ends 
of  the  couple  were  attached  through  ice-cold  junctions  to  either 
a  potentiometer  or  a  milli- voltmeter  of  high  resistance,  400  ohms, 
by  which  the  emf  of  the  thermocouple  could  be  measured.  The 
temperature  of  the  bath  was  then  allowed  to  fall,  by  removing  the 
Bunsen  flame,  and  readings  of  the  emf  were  taken  every  15  seconds 
on  the  potentiometer.  The  curves  of  time  and  emf  so  taken 
showed  well-defined  arrests  in  all  cases  except  for  those  with  a 
large  percentage  of  impurity  (for  example,  there  was  8  per  cent 
lead  in  one  case)  when  the  solidification  took  place  over  a  wide 
temperature  interval.  The  values  obtained  in  taking  one  of  the 
cooling  ciuv^es  of  pure  "  Kahlbaum  "  tin  are  given  below. 


Freezing  of  Pure  Tin 

[Potentiometer  (emf)  readings  taken  every  15  seconds] 


Millivolts 

Differences 

Millivolts 

Differences 

Millivolts 

Differences 

10.19 

0.03 

9.99 

0.01 

9.97 

0.01 

10.16 

.04 

9.98 

.00 

9.96 

.03 

10.12 

.03 

9.98 

.00 

9.93 

.02 

10.09 

.04 

9.98 

.00 

9.91 

.02 

10.05 

.04 

9.98 

.00 

9.89 

.06 

10.01 

.02 

9.98 

.01 

9.83 

.... 

The  "freezing"  point  of  this  sample  was  at  the  "arrest"  at 
9.98  millivolts.  The  thermocouple  was  calibrated  under  the 
same  conditions  at  the  steam  point  (about  ioo°  C)  and  at  the 
melting  point  of  pure  Kahlbaum  tin  taken  at  231.9°  C.  The 
values  on  fairly  pure  tin  could  be  repeated  generally  to  within 
±0.01  millivolt  or  within  ±0.15°  C,  and  in  fact  the  arrests  on 
successive  cooling  curves  of  Kahlbaum  tin  repeated  more  closely. 
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Chemical  analyses  were  then  made  on  some  of  the  samples  to 
check  the  results  of  the  thermal  data. 

In  Table  2  are  given  various  characteristics  of  the  fusible 
plugs  examined,  including  time  of  service,  freezing  point,  chemical 
analysis,  and  reference  to  photographs.  The  manufacturers  are 
represented  by  letters  in  column  3. 

TABLE  2 
Characteristics  of  Fusible  Plugs 


Months 

in 
service 

Steamship 

Manufac- 
turer 

Freezing 

point  of 

tin  filling 

°C  0 

Chemical  analysis  & 

Photo- 
graph 

Plug 

Zinc 

Lead 

Other 
metals 

80 

12 

12 

12 

12 

3 

4 

4 

USED  PLUGS 

Class  1.— Plugs  Apparently 

Sound  After  Service 

Verne  Swain 

A 
B 
B 
C 
C 
C 
C 
C 

c 

C 
C 
P 
P 
P 

232.2 
231.4 
228.2 
228.  6 

C229 

c  228.  5 

C229 
227.4 
226.8 
226.8 
229.8 
229.0 
228.4 
228.3 

230.2 
230.8 
229.8 
230.3 
228.4 
230.1 
230.6 
229.4 

Per  cent 

Per  cent 

Per  cent 

88 

Sunshine         

89 

do  

0.2 

.6 

Trace 

Trace 

Trace 

1.8 

1.3 

.9 

.7 

.3 

.3 

.4 

1.3 

.5 

Trace 

Trace 

Trace 

Trace 

.1 

.2 

Trace 

.7 

1.2 

.8 

109 

Waterford 

870 

Panama 

0 

0 

Trace  Cu 

871 
873 

Tug20,N.Y.C 

do 

1035 

Seaboard 

1036 

do 

1037 

.do           

1039 

4 

West  Farms 

1048 

Tug  S.  Q.  Brown            

1049 

.   .  do     

1050 

do 

102 

Class  2.— Plugs  of  which 
the  Filling  was  Partially 
Melted  Out  at  the  Fire 
End 

2 

8 
6 
5 
7 
7 
8 
12 

Andasti 

D 
E 
F 
D 
G 
D 
H 

3 

Geo.  B.  Leonard 

5 
5 

Sir  T.  Shaughnessy 

Jas.  T.  Martin 

.8 

.1 

7 
10 

Joe  D  I^orrow 

Kniskle  Bros 

19 

Game  Cock 

.6 

.4 

8 

o  Pure  Kahlbaum  tin,  Banka  tin,  and  Straits  tin  have  a  freezing  point  at  231.9°  C. 

6  Blanks  signify  that  no  analysis  was  made  for  the  metal  or  metals  in  that  column.  The  group  "Other 
metals"  includes  silver,  mercury,  copper,  bismuth,  antimony,  arsenic,  iron,  alumintmi,  chromium,  nickel, 
manganese,  and  magnesium. 

c  These  determinations  are  accurate  only  within  ±1.0°. 
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Months 

in 
service 

Steamship 

Manufac- 
turer 

Freezing 

point  of 

tin  filling 

°C 

Chemical  analysis 

Photo- 
graph 

Plug 

Zinc 

Lead 

other 
metals 

20 

5 
12 

5 
12 
3 
3 
3 
3 
3 

12 
12 
12 
12 
12 
12 
12 
12 
12 

USED  PLUGS— Contd 

Class  2— Continued 
F.  B.  Jones 

H 
H 

I 

J 
K 
L 
L 
D 
R 
R 

A 
C 
M 
M 
A 
N 
A 
A 
A 
0 
P 

H 
H 

C 

C 
C 

C 

228.6 
229.8 
231.4 
230.4 
230.4 
232.0 
231.9 
230.0 
229.6 
230.0 

230.1 
230.3 
231.1 
231.9 
231.0 
231.9 
230.3 
229.0 
231.9 
230.3 
228.7 

229.4 
228.6 

230 

225 
229.9 

225 

Per  cent 
.7 

Per  cent 

.2 

Per  cent 

23 

Dallas  City . . 

Chesapeake 

50 

94 

Columbia 

4 

99 

Huron 

1030 

Jamestown 

1031 

do 

1032 

do 

1044 

Alaskan 

.5 
.6 

.7 
.8 

1046 

do 

81 

Class  3 
Verne  Swain 

57 

City  of  Atlanta 

69 

Red  Spot 

71 

SpottsvlUe 

82 

C.  H.  Organ 

68 

S.P.Gillett 

7 

84 

C.  H.  Organ 

83 

do 

85 

do 

48 

5 

72 

12 

12 
5 

12 

12 

12 

3 

Commerce 

.10 

.6 

.7 

.5 

3.5 
.4 

4.2 

1.00 

.4 
.2 

Trace 

0 

6 

19 

Class  4.— Plugs  Corroded 
or  Pressed  in  at  Water 
End 

Game  Cock 

8 

20 

F.  B.  Jones 

Class  5.— Plugs  Contain- 
ing Oxide 

Subclass  (a).  Network 
oxide 

Gowanus 

40 

0 
0 

I         13 

43 

do 

56 

City  of  Augusta 

9 

872 

Tug20,N.Y.  C 

0 

0 

,     10 

14 
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Months 

in 
service 

Steamship 

Manufac- 
turer 

Freezing 

point  of 

tin  filling 

"C 

Chemical  analysis 

Photo- 
graph 

Plug 

Zinc 

Lead 

Other 

metals 

9 

8 

3 

12 

3 

3 

5 

12 

12 

12 

USED  PLUGS— Contd 

Class  5— Contuiued 

Subclass  (b),  Containing 
solid   "oxide"   or   other 
nonmetallic  inclusion 

Kniskle  Bros 

D 

H 
H 
R 
R 
H 
P 
N 
T 

230.0 
228.6 
231.9 
230.2 
228.0 
228.6 
224.6 
228.2 
228.8 

230.8 

228.3 

230.2 
C230 

230.6 
C231 
C230 
C229 
C230 
C231 

231 
c229 
C221 
c232 
C229 

220 
C230 
C229 

225 

228 

Per  cent 

Per  cent 

Per  cent 

14 

27 

Shaver 

.8 
0 
.6 
1.0 

.7 

.3 
0 
.2 
.6 
.2 

0 
0 

16 

I"; 

122 

J.  A.  Carney 

1045 

Alaskan 

17 

1047 

do 

F.B.Jones 

20 

59 

Clevedon 

18 

73 

Onward 

18 

Bailey  Gatzert 

1034 

NEW  PLUGS 

1038 

.9 

Trace 

1051 

637 

529 

0 

Trace 

Trace  Cu 

505 

479 

476 

444 

427 

421 

0 

Trace 

Trace  Cu 

285 

272 



202 

190 

185 

8.3 

22 

178 



145 

186 

3.1 
1.9 

187 

A  consideration  of  the  above  table  shows  the  following  facts: 
(a)  Banka  tin,  as  required  in  the  specifications  above,  was  not 
and  is  not  being  used  in  the  filling  of  a  considerable  number  of 
the  plugs.     Analyses  of  four  samples  of  Banka  tin  by  W.  A. 
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Cowan  2  showed  the  tin  content  to  be  99.93,  99.97,  99. 96,  and  99.96 
per  cent,  respectively,  by  difference.     (See  Appendix  i.) 

Of  about  70  melting-point  determinations  made  on  used  and 
new  plugs  only  11  gave  values  within  0^.5  C  of  the  melting  point 
of  pure  Kahlbaum,  Banka,  or  Straits  tin. 

Of  35  plugs  analyzed  chemically  only  6  fillings  showed  0.20 
per  cent  or  less  impurities,  or,  in  other  words,  only  6  of  35  ^  plug 
fillings  examined  chemically  were  composed  of  any  variety  of 
high-grade  tin.     (See  paragraph  below.) 

{h)  The  principal  impurities  are  lead  and  zinc.  It  may  be 
noted  that  it  is  not  possible  that  the  zinc  or  lead,  in  amounts 
greater  than  the  solubility  of  these  metals,  respectively,  in  tin  at 
high  temperatures  (180°  to  190°  C),  could  have  come  from  the 
bronze  casing  by  diffusion  in  the  solid  state.  By  solubility  is 
meant  here  the  amounts  of  these  metals  which  actually  dissolve 
in  the  tin  to  form  a  homogeneous  solid  solution. 

(c)  The  table  shows  that  classes  i,  2,  3,  and  5  (6)  (p.  7)  contain 
plugs  having  impure  tin  as  well  as  those  containing  pure  tin  (i.  e., 
of  melting  point  of  23i°.9).  Impure  tin  is  then  not  always  a 
cause  of  oxidation  or  deterioration  in  these  plugs. 

{d)  All  of  the  four  plugs,  as  well  as  the  plug  from  the  boiler  of 
the  steamship  Jefferson  mentioned  on  page  5,  showing  the  net- 
work type  of  oxide,  came  from  the  same  manufacturer,  were  used 
on  four  different  vessels,  had  low  melting  points,  and  contained 
zinc. 

4.   THEORY   OF   "  NETWORK  "   TYPE   OF   OXIDATION 

An  explanation  of  this  type  of  failure  may  be  found  in  the  effect 
of  the  zinc  upon  the  process  of  oxidation  of  the  zinc-tin  alloy  and 
a  consideration  of  the  constitution  of  the  Sn-Zn  alloys  will  throw 
some  light  upon  this  peculiar  phenomenon. 

The  equilibrium  diagram,  according  to  Guertler,  is  shown  in 
Fig.  20,  from  which  it  can  be  seen  that  the  solubility  of  zinc  in  tin 
is  very  small  in  the  solid  state,  less  probably  than  0.2  per  cent. 

2  Journal  of  the  American  Institute  of  Metals,  1914. 

3  It  may  be  noted  that  since  the  samples  taken  for  analysis  were  chosen  mainly  from  those  having  a  low 
melting  point,  the  ratio  of  6  to  35  does  not  express  the  true  ratio  of  plugs  composed  of  impure  tin  to  the  total 
number  examined  (1050). 

3401°— 15 3 
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By  this  is  meant  that,  although  alloys  of  tin  and  zinc  can  be  made 
in  all  proportions,  the  zinc  is  not  in  the  solid  state  dissolved  in 
the  tin  forming  a  solid  solution  of  homogeneous  macro-  and  micro- 


2n.9» 


20^  ^ofy  eofc  ^Ofo    TIH 

Fig.  20. — Part  of  equilibrium  diagram  of  tin-zinc 

structure.  A  slowly  cooled  alloy — tin  99  per  cent  and  zinc  i 
per  cent — has  the  eutectic  structure  shown  in  Fig.  21,  taken 
from  a  paper  by  Lorenz  and  Plumbridge,*  in  which  the  eutectic 

*  Z.  Anorg.  Chem.,  83,  p.  283 ;  1913. 
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crystallites  of  zinc  (dark)  can  be  seen  distributed  in  the  tin  matrix. 
Upon  long  heating  just  under  the  eutectic  horizontal  at  about 
197°  C  the  tin  and  zinc  crystals  coalesce,  the  eutectic  disappears, 
and  the  structure  attained  is  that  shown  in  Fig,  23.  This  will 
be  shown  in  experiments  described  below.  In  this  alloy  the  tin 
crystals  are  surrounded  by  an  envelope  of  zinc. 

If,  now,  this  alloy  be  brought  in  contact  with  a  corrosive  aqueous 
solution,  the  latter  will  attack  the  zinc  first,  eating  its  way  into  the 
plug  through  the  grain  or  crystal  interstices,  and  the  tin  filling 
finally  becomes  honeycombed  in  structure.  The  corrosion  of  the 
tin  itself  may  now  start  from  these  intercrystalline  canals,  and  the 
oxidation  products  remain,  forming  gradually  the  oxide  network 
structure  already  referred  to. 

There  is  much  analogy  of  the  oxidation  of  this  kind  to  that  pro- 
duced in  Muntz  metal  sheathing  upon  exposure  on  a  ship's  bottom 
to  salt  water.  Muntz  metal  (60  per  cent  copper  and  40  per  cent 
zinc)  has  a  heterogeneous  structure,  and  consists  of  two  structural 
constituents  or  phases,  the  alpha  and  the  beta  solid  solutions, 
respectively,  the  latter  containing  more  zinc  than  the  former. 
Upon  exposure  to  salt  water,  material  of  this  sort  afterwards 
becomes  so  brittle  that  it  can  be  crumbled  up  by  hand.  Exami- 
nation shows  that  the  salt  water  has  attacked  the  beta  constituent 
and  has  removed  much  of  it,  eating  its  w^ay  thus  into  the  interior 
of  the  metallic  mass,  such  that  the  metal  consists  of  the  original 
structural  *' framework"  of  alpha,  throughout  which  the  beta 
filling  has  been  at  least  partially  removed. 

Naturally,  if  the  water,  in  this  case  the  boiler  water,  attacks 
neither  the  tin  nor  perhaps  even  the  zinc,  a  plug  which  contains 
zinc  may  remain  sound  after  months  of  service.  It  may  be  men- 
tioned here  that  alkaline  waters,  such  as  would  be  produced  by 
overaddition  of  soda  boiler-water  softener,  attack  zinc  even  at 
ordinary  temperatures  and  probably  corrode  both  zinc  and  tin 
at  higher  temperatures.  Furthermore,  the  temperature  of  the 
water  and  plug  will  determine  to  a  great  extent  the  velocity  of  the 
progress  made  by  the  oxidation.  At  a  higher  temperature  the 
corrosive  action  will  be  in  general  greater,  the  velocity  of  the 
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coalescence  of  the  zinc  eutectic  will  be  greater,  and  what  is  more 
important,  if  the  temperature  rise  above  197°  C  (about  205  pounds 
per  square  inch  pressure) ,  melting  will  take  place  at  the  boundary 
of  the  zinc  and  tin,  the  pressure  inside  will  force  the  melted  por- 
tions toward  the  fire  end  of  the  plug,  thus  leaving  channels  open 
for  the  entrance  of  the  water  from  the  water  side.  That  the  fillings 
of  plugs  do  so  travel  in  their  casings  from  the  water  to  fire  end  is 
shown  in  the  case  of  plugs  imder  class  3. 

It  is  thus  easily  seen  why  it  is  that  although  no  plugs  have  been 
found  showing  the  network  type  of  oxidation,  which  do  not  con- 
tain zinc,  several  have  been  found  (see  above  table)  which  do 
contain  zinc  and  which  have  nevertheless  remained  sound  in 
service  during  from  3  to  12  months. 

In  the  latter  cases,  the  tin  surface  on  the  w^ater  side  was  found 
to  be  clean,  proving  that  the  boiler  water  used  did  not  attack  it, 
whereas  in  other  plugs,  and  particularly  in  those  in  which  network 
oxidation  had  taken  place,  the  water-side  surface  of  the  tin  was 
badly  corroded.  The  normal  pressure  used  in  the  boilers  may  also 
have  been  less  in  these  cases.  There  is,  however,  also  some  sig- 
nificance in  the  fact  that  all  five  of  the  plugs  showing  this  type  of 
failure  came  from  the  same  manufacturer.  The  explanation  of  this 
fact  is  to  be  sought  in  the  simultaneous  presence  of  zinc  and  absence 
of  lead  in  the  fillings  of  these  plugs.  This  manufacturer  happened 
to  be  using  impure  tin  which,  imlike  most  of  the  impure  tin  used 
by  other  manufacturers,  contained  no  lead.  The  action  of  the  lead 
in  this  respect  is  discussed  below. 

The  formation  of  incrustation  in  plugs  under  5  {h)  is  more  puz- 
zling. That  this  incrustation  is  not  always  entirely  formed  by 
natural  means  is  shown,  however,  by  the  fact  that  analysis  of  it 
showed  it  to  be  about  96  per  cent  CaS04.  yi  HgO  in  plug  No.  122, 
and  CaS04  was  also  found  in  plugs  Nos.  1047,  1045,  and  9.  Since 
this  is  at  the  fire  end,  with  no  communication  with  the  boiler  water, 
the  inference  is  that  when  the  plug  began  to  leak  plaster  of  Paris 
was  put  in  at  the  fire  end  to  stop  the  leak.  However,  in  other  cases 
the  incrustation  is  free  from  calcium  and  is  tin  oxide  with  traces  of 
copper,  zinc,  and  tin  oxides  containing  always  sulphates — usually 
as  copper  sulphate — and  was  probably  formed  by  natural  processes. 
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It  is  to  be  noticed  that  the  tin  in  plugs  which  have  oxidized  in 

,   this  manner  is  either  from  its  melting  point  or  analysis  seen  to 

be  impure.     The  presence  of  sulphate  shows  that  flue  gases  with 

sulphur  dioxide  and  oxygen  content  have  been  instrumental  in 

oxidizing  the  tin  filling. 

The  explanation  why  some  plugs  containing  tin  fillings  (see 
Table  2)  merely  melt  out  at  the  fire  end  leaving  no  oxide,  and 
why  in  others  the  tin  oxidizes  and  remains  as  oxide,  is  to  be 
sought  probably  in  the  variation  in  operating  conditions  of  the 
boilers,  in  variations  in  the  kind  of  coal  used,  as,  for  example,  in 
the  sulphur  content  of  the  coal;  also,  very  possibly  in  the  devices 
used  by  the  engineers  in  charge  of  boilers  to  stop  up  leaky  plugs. 
It  is  possible  that  if  plugs  could  be  made  which  would  not  leak, 
this  kind  of  deterioration  would  be  largely  eliminated. 

5.  TESTING  OF  THEORY  BY  SERVICE  TESTS  AT  BUREAU 

It  was  thought  advisable  to  subject  a  number  of  the  new  plugs  as 
well  as  plugs  made  up  at  the  Bureau,  containing  definite  amounts 
of  impurities,  to  the  action  of  water  at  high  temperatures  to  deter- 
mine what  would  be  their  behavior  under  these  known  conditions. 
For  this  purpose  the  plugs  were  put  in  a  copper  autoclave  and  heated 
for  various  periods  at  a  temperature  of  from  180°  to  195°  C  (350°  to 
380°  F) ,  in  either  tap  or  distilled  water.  In  two  cases  the  tempera- 
ture went  too  high  and  some  of  the  plugs  of  lower  melting  point 
fused.  Half  of  each  plug  was  heated  and  half  saved  for  comparison 
in  each  case. 

Of  40  new  plugs  heated  for  195  hours,  and  20  new  plugs,  for  140 
hours  in  tap  water,  only  3  showed  any  change  whatever — Nos.  185, 
186,  and  187,  all  from  manufacturer  S.  These  will  be  seen  from 
the  table  above  to  contain  lead  in  varying  amounts.  After  this 
treatment  all  were  somewhat  distorted  and  covered  with  spongy 
*' eruptions,"  illustrated  in  Fig.  22  of  No.  185.  Whereas  no  lead 
could  be  detected  in  the  microstructure  before  heating,  owing  to 
the  fineness  of  its  distribution,  after  this  heating  the  lead  had  coa- 
lesced as  an  enveloping  boundary  to  the  tin  crystals.  (See  Fig.  23.) 
The  plug  filling  was  apparently  only  superficially  oxidized. 
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Plugs  were  then  made  up  at  the  Bureau  of  pure  Banka  tin, 
Straits  tin,  and  Straits  tin  containing  the  following  amounts  of 
zinc  and  lead: 


Zinc 

Lead 

Per  cent 

Per  cent 

0.5 



2.0 



5.0 



10.0 

0.5 



5.0 

0.5 

1.0 

2.0 

1.0 

5.0 

1.0 

0.5 

5.0 

These  metals  were  melted  in  a  fire-clay  crucible  in  a  gas  furnace 
and  poured  into  casings  made  of  i-inch  brass  tubing  threaded  on 
the  inside.  They  were  cast  in  pairs.  Of  each  composition  the 
first  plug  was  poured  with  care  taken  to  avoid  oxidation,  and  the 
consequent  contamination  of  the  tin  of  the  plug  with  oxide.  After 
this  was  poured,  air  was  forced  through  the  melt  for  from  three  to 
five  minutes,  thoroughly  oxidizing  it,  after  which  it  was  then  poured 
into  the  second  casing,  effort  being  made  in  this  case  to  introduce 
oxide  into  the  filling  of  the  plug.  It  was  desired  to  determine 
whether  the  presence  of  oxide  from  the  pouring  aided  the  process 
of  oxidation  in  service.  It  is  interesting  to  notice  that  even  in  one 
of  the  plugs  in  which  the  oxide  must  have  been  present  to  the  ex- 
tent of  about  25  per  cent,  it  could  be  detected  only  microscopically 
in  the  structure  of  a  polished  section.  No  coarse  macroscopic 
oxide  structures  could  be  produced  resembling  those  produced  in 
service  and  described  above. 

Some  of  these  were  then  heated  in  tap  and  some  in  distilled 
water  for  about  500  hours  at  from  180°  to  195°  C  (350°  to  380°  F). 
There  seemed  to  be  no  difference  in  the  action  of  distilled  and  the 
tap  water  on  the  plugs. 

After  heating,  the  plugs  containing  zinc  or  lead  in  amounts  equal 
to  or  above  0.5  per  cent  were  usually  found  cracked.  Indeed,  in 
the  case  of  the  plug  filling  with  10  per  cent  zinc,  an  almost  perfect 
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inverted  pyramid  had  cracked  off  and  had  been  forced  up  several 
millimeters.  This  half  plug  is  shown  in  Fig.  24.  This  is  doubt- 
less due  to  the  stresses  caused  by  the  expansion  between  the  tin 
crystals  of  tin-zinc  eutectoid  during  its  melting  which  begins  at 
about  197°  C  (385°  F).  In  some  cases,  particularly  when  lead 
was  present,  the  filling  had  become  porous,  due  to  the  melting  out 
of  the  low  melting  eutectoid  which  in  this  case  melts  around  1 70°  C 
(330°  F). 

No  change  could  be  detected  in  the  samples  of  Banka  and 
Straits  tin  caused  by  this  treatment  other  than  a  sight  surface 
oxidation. 

Every  plug  which  contained  zinc  and  no  lead  showed  a  network 
structure  after  500  hours  in  the  autoclave.  This  is  shown  in 
Fig.  25,  of  a  plug  containing  0.5  per  cent  zinc.  This  network 
structure  was  the  more  pronounced  the  higher  the  zinc  content  and 
was  in  many  cases  better  developed  near  the  surface  than  inside. 
Fig.  25  shows  the  structure  of  this  plug  after  grinding  off  about 
0.5  mm.  This  plug  was  sawed  in  two  and  an  inside  surface  pol- 
ished. The  structure  of  this  surface,  which  was  about  5  to  10  mm. 
from  the  water  during  the  heating  period,  is  shown  in  Fig.  26. 

It  appears,  then,  that  even  with  ordinary  tap  water  some  oxida- 
tion of  this  type  takes  place,  for  if  none  had  taken  place  the  net- 
work structure  developed  by  the  coalescence  of  the  zinc  should 
hare  had  approximately  the  same  density  throughout,  which  is 
clearly  not  the  case,  as  shown  in  this  plug. 

The  structure  of  those  plugs  which  contained  zinc  and  lead, 
after  heating  with  distilled  water,  showed  a  much  less  developed 
network  structure  than  those  containing  the  same  amount  of  zinc 
and  no  lead  under  the  same  conditions. 

It  was  shown  here  and  during  the  examination  of  plugs  whch 
had  been  in  service  for  periods  of  from  4  to  12  months,  and  had 
remained  sound,  that  tin  may  contain  zinc,  and  be  heated  to  tem- 
peratures around  180°  C  or  350°  F  (corresponding  to  an  average 
boiler  pressure  of  1 50  pounds  per  square  inch)  and  still  not  develop 
the  coarse  coalesced  ''network"  structure  described  above.  This 
may  have  been  partly  due  to  the  fact  that  the  temperatures  to 
which  they  were  exposed  were  lower  than  those  to  which  the  plugs 
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of  class  5  (a) ,  together  with  those  heated  at  the  Bureau,  had  been 
exposed;  but  there  is  little  doubt  but  that  lead  partially,  at  least, 
prevents  the  formation  of  this  coarse  ** network"  structure  in  tin 
containing  zinc.     This  is  shown  by  the  fact  that — 

1.  Four  plugs  (class  5,  a)  contained  zinc  and  no  lead,  and  had 
developed  this  structure. 

2.  Tin  samples  with  zinc  and  no  lead  developed  upon  heating  a 
much  more  pronounced  network  structure  than  those  containing 
the  same  amount  of  zinc  and  i  per  cent  lead.  This  is  shown  in 
Figs.  27  and  28  of  specimens  with  2  per  cent  zinc  and  no  lead,  and 
with  2  per  cent  zinc  and  i  per  cent  lead,  respectively. 

3.  Plugs  containing  zinc  and  lead,  and  which  had  been  in  service 
for  periods  of  from  4  to  12  months  did  not  develop  this  structure; 
indeed,  in  most  cases  neither  the  zinc  nor  the  lead  could  be  detected 
w^th  certainty  in  their  microstructure.  This  was  true,  for  exam- 
ple, of  plug  No.  1035,  containing  1.8  per  cent  zinc  and  o.i  per  cent 
of  lead,  which  had  been  in  service  3  months  and  was  still  absolutely 
sound. 

It  seems  then  that  the  progress  of  the  "network"  oxidation  is 
dependent  upon  the  previous  presence  of  the  coalesced  network 
zinc-tin  structure,  and  if  for  some  reason  the  zinc  is  present  in 
another  form  of  distribution  the  oxidation  can  not  proceed  in 
this  manner. 

Upon  heating  with  water  in  the  autoclave  no  difference  could 
be  noticed  in  the  behavior  of  the  sound,  i.  e.,  unoxidized,  and  the 
plugs  oxidized  before  pouring. 

III.  TESTING  OF  THE  PURITY  OF  TIN 

It  is  suggested  that  the  use  of  a  high-grade  tin  of  the  purity  of 
Banka,  Straits,  Pyrmont,  or  Williams,  Harvey  &  Co.,  refined  (see 
analyses  by  Cowan,  Appendix  i),  would  eliminate  the  danger  of 
deterioration  by  oxidation  of  the  fillings  of  tin  plugs.  Of  these 
varieties,  Banka  is  undoubtedly  the  most  consistently  pure, 
although  some  samples  of  other  varieties  were  of  almost  equal 
purity — for  example,  Williams,  Harvey  &  Co.,  refined.  It  would 
seem  safest,  therefore,  to  require  a  tin  in  such  plugs  to  be  99.9 
per  cent  pure  and  to  contain  less  than  0.0 1  per  cent  each  of  zinc 
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and  lead.  This  would  admit  Banka  tin  and  some  lots  of  other 
varieties.  It  has,  however,  been  in  the  past  year  impossible  at 
times  to  obtain  Banka  tin  on  the  market.  For  such  a  contingency 
provision  must  be  made  for  admitting  other  and  slightly  poorer 
tins.  If  the  specifications  called  for  tin  of  99.8  per  cent  purity, 
containing  less  than  0.05  per  cent  lead  and  less  than  0.0 1  per  cent 
zinc,  most  of  the  high-grade  tins  would  be  included,  and  such  tin, 
with  the  higher  lead  content,  would  probably  be  as  safe  for  use 
in  plugs  as  the  former,  as  there  is  as  yet  no  evidence  that  a  lead 
content  of  even  o.i  per  cent  is  harmful  in  such  plugs. 

Frequent  tests  by  chemical  analysis  must  be  made  of  the  purity 
of  the  tin  bought  under  such  specifications  as  those  recommended 
above.  It  can  be  seen  from  Table  2  that  such  analysis  may  be 
limited  in  most  cases  to  a  determination  of  zinc  and  lead,  which 
seem  to  be  the  principal  impurities. 

A  somewhat  quicker  method  of  determining  whether  or  not  a 
tin  sample  is  pure  is  given  in  the  determination  of  its  melt- 
ing point.  Table  3  is  given  below,  in  which  the  lowering  of 
the  melting  point  of  tin  for  i  per  cent  of  various  ordinary  metallic 
impurities  has  been  calculated  from  the  results  of  thermal  analysis 
of  these  alloys  by  various  investigators  (see  Bomemann,  1909- 
1912) .  The  rough  assumption  has  been  made  in  these  calculations 
that  the  liquidus  curve  is  linear. 


TABLE  3 
Effect  of  Impurities  on  Melting  Point  of  Tin 


Metal 

Tin  con- 
taining— 

Melting 
point 

Lowering 
of  melting 
point  per 
1  per  cent 
of  metal 
calculated 

Antimony 

Per  cent 
7.5 
5.5 
2.0 
2.5 
3.0 

240 
225 
300 
225 
225 

+  1.0 

Bismuth 

—  1.2 

Iron 

+30.0 

Lead 

—  2.8 

Zinc 

—  2.3 
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It  is  seen  that  small  amounts  of  impurities  may  in  general  be 
readily  detected  although  the  simultaneous  presence  of  metals, 
such  as  antimony  and  zinc,  in  proper  amounts  might  give  an  alloy 
having  a  melting  point  equal  to  that  of  pure  tin.  In  the  samples 
analyzed  the  only  impurities  found  in  appreciable  amounts  were 
zinc  and  lead,  each  of  which  lowers  the  melting  point.  Therefore 
the  determination  of  the  melting  or  freezing  point  of  the  tin  may 
be  accepted  as  a  useful  and  rapid  test  of  its  purity.  It  may  be 
noted  that  extremely  small  amounts  of  lead  and  zinc  of  the  order 
of  magnitude  of  0.02  or  0.03  per  cent  can  not  be  detected  by  such 
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Fig.  29. — Effect  of  small  quantities  of  lead  and  zinc  upon  freezing  point  of  tin 

a  thermal  method  and  it  is  also  not  possible  to  distinguish  with 
certainty  between  "Kahlbaum,"  Banka,  and  Straits  tin  by  the 
ordinary  determination  of  the  melting  point  as  made  by  the 
cooUng  curve  method. 

In  Fig.  29  are  plotted  the  melting  points  of  all  of  the  tin  speci- 
mens analyzed,  as  a  function  of  the  percentage  of  the  two  impurities, 
lead  and  zinc.  In  order  to  avoid  using  three  coordinates,  it  was 
roughly  assumed,  from  the  table  above,  that  i  per  cent  lead  was 
equal  in  effect  to  i .  i  per  cent  zinc  and  the  sum  of  the  zinc  content 
and  of  the  lead  content  multiplied  by  i.i  was  plotted  as  ordinates. 
This  is  equivalent  to  assuming  that  the  effects  of  zinc  and  lead 
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upon  the  lowering  of  the  freezing  point  of  tin  are  additive,  or  that 
the  ternary  liquidus  surface  for  small  lead  and  zinc  contents  is 
formed  by  the  motion  of  a  straight  line.  From  this  curv^e  an 
approximate  estimate  may  be  made  of  the  amount  of  combined 
zinc  and  lead  in  a  tin  which  contains  these  two  impurities  only. 

IV.  CONCLUSIONS 

The  fact  that  stands  out  most  strongly  throughout  this  investi- 
gation is  that  zinc  should  not  be  present  in  the  tin  fillings  of  fusible 
plugs.  The  lowest  zinc  content  actually  found  in  any  of  the  four 
plugs  analyzed,  which  displayed  the  "network"  type  of  oxidation, 
was  0.3  per  cent,  but  this  can  not  be  accepted  as  the  actual  lowest 
value  of  the  zinc  content  at  which  oxidation  can  take  place. 
Furthermore,  although  zinc  is,  because  of  its  greater  corrod- 
ability,  most  dangerous  when  coalesced  into  a  network  structure 
such  as  is  developed  upon  heating  at  about  180°,  other  metals 
which  do  not  form  solid  solution  with  tin  may  also  cause  the 
formation  of  this  structure,  as,  for  instance,  lead.  It  seems  then 
that  in  such  plugs  tin  must  be  used  which  is  as  free  as  possible  from 
zinc  and  lead.  This  statement  is  made  notwithstanding  the  ap- 
parent fact  that  if  zinc  is  present  a  small  content  of  lead  is  actually 
beneficial;  it  appears  better,  however,  to  prevent  this  oxidation 
by  using  pure  tin  rather  than  by  adding  lead  in  case  the  tin 
already  contains  zinc. 

A  consideration  of  the  results  of  the  tin  analyses  by  Cowan, 
given  in  Appendix  i,  shows  that  it  is  possible  to  get  Banka  and 
other  tin  which  contains  only  traces  of  zinc  and  at  the  utmost 
o.oio  per  cent  of  lead.  It  is  highly  probable  that  the  use  of  tin 
of  such  purity  would  eliminate  the  danger  of  oxidation  of  the 
** network"  type. 

With  the  exception  of  plug  No.  122,  which  had  a  melting  point 
of  231.9°  C,  and  in  which  the  formation  of  nonmetallic  inclosures 
had  not  proceeded  by  natural  means,  as  shown  above,  the  plugs 
of  the  5  (b)  class  (i.  e.,  with  inclusions  of  solid  oxide  at  the  fire 
end)  all  contained  impurities,  probably  to  the  extent  of  about 
I  to  1.5  per  cent.  The  inference  is,  therefore,  that  oxidation  of 
the  tin  in  service  would  cease  with  the  introduction  of  the  use 


26  Technologic  Papers  of  the  Bureau  of  Standards 

of  a  tin  of  purity  equal  to  that  of  Banka,  probably  also  of  tin  of 
purity  equal  to  that  of  Straits  or  Pyrmont.  Observations  are 
made  above  regarding  the  testing  of  the  purity  of  tin. 

However,  one  question  mdiy  be  raised.  A  leaky  plug  will 
always  be  a  temptation  to  careless  practice  on  the  part  of  the 
engineer  in  charge.  He  may  stop  them  up  instead  of  replacing 
them.  Now,  the  chances  that  leaks  may  develop  in  a  plug  are 
fairly  large.  The  coefficient  of  expansion  per  degree  centigrade 
of  the  material  of  a  casing  will  be  around  0.000020,  whereas  that 
of  tin  is  about  0.000023.  Tin  undergoes  an  allotropic  change  at 
about  160°  C,  accompanied  by  a  change  of  volume  of  about  0.03 
per  cent.  Therefore,  opportunity  is  constantly  given  for  inter- 
play between  plug  filling  and  casing  during  temperature  changes. 
A  number  of  plugs  which  had  been  in  service  were  removed  be- 
cause of  leaking. 

Considering  now  the  three  sets  of  specifications  (Appendixes  2 
and  3) ,  it  is  seen  that  any  set  of  specifications  such  as  those  of  the 
Interstate  Commerce  Commission,  which  totally  ignore  the  question 
of  the  purity  of  the  tin,  are  insufficient.  The  specifications  of  the 
American  Society  of  Mechanical  Engineers  seem  to  limit  the  quality 
of  the  tin  in  calling  for  tin  of  a  melting  point  between  400°  and  500° 
F,  but  in  reality  this  specification  has  no  significance  from  the  stand- 
point of  the  purity  of  the  tin,  since  it  would  admit  tin  containing 
as  much  as  65  per  cent  of  lead  or  15  per  cent  of  zinc.  Manifestly 
such  a  specification  is  worthless.  The  Steamboat  Inspection 
Service  requires  at  present  "Banka  tin,"  but  propose  to  amend 
this  paragraph  to  call  for  ''tin  99.7  per  cent  pure,  containing  not 
more  than  o.i  per  cent  of  lead  and  not  more  than  o.i  per  cent  of 
zinc."  The  latter  is  doubtless  a  more  practical  specification  than 
the  former,  but  there  is  no  doubt  but  that  better  tin  than  this 
can  and  should  be  obtained  for  such  plugs,  as  shown  in  Section  III. 

The  requirement  of  the  Interstate  Commerce  Commission  that 
fusible  plugs  **  be  removed  and  cleaned  of  scale  once  every  month  " 
is  desirable,  since,  as  above  demonstrated,  an  impure  plug  may 
begin  to  show  visible  signs  of  deterioration  after  only  500  hours' 
service.  A  combination  of  test  of  purity  of  new  plugs  from  each 
heat  cast  with  frequent  inspections  or  discarding  of  plugs  would 
appear  to  be  the  safest  practice. 
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In  view  of  the  fact  that  many  manufacturers  are  not  furnish- 
ing pure  tin  for  fusible  boiler  plugs,  and  it  having  been  shown 
above  that  impure  tin  may  be  dangerous,  it  would  probably  be 
desirable,  in  the  interests  of  safety,  to  license  a  few  manufac- 
turers whose  product  could  be  rigidly  controlled  by  Federal 
inspection. 

1.   SUMMARY 

1.  An  explanation  has  been  sought  for  the  ''failure"  by  oxida- 
tion of  fusible  tin  boiler  plugs  during  service.  These  failures  are 
of  two  types — (a)  those  in  which  the  oxide  forms  as  an  interlock- 
ing *'  network  "  throughout  the  tin  of  the  filling;  {h)  those  in  which 
the  oxide  forms  as  a  solid  hard  mass  at  the  fire  end  of  the  plug. 

2.  About  950  new  and  100  used  plugs  were  examined,  the  latter 
classified  according  to  the  type  of  change  or  deterioration  which 
had  taken  place  in  them  during  service,  and  a  number  were  tested 
for  purity  of  the  tin,  both  by  determination  of  the  melting  point 
of  the  latter,  and  by  chemical  analysis.  I^ead  and  zinc  were  found 
to  be  the  principal  impirrities  present. 

3.  An  explanation  for  the  formation  of  the  ''network"  type  of 
oxidation  is  found  in  the  presence  of  zinc  in  amounts  varying 
from  0.3  to  4  per  cent. 

4.  The  conclusion  is  drawn  that,  since  all  plugs  examined, 
which  were  "dangerous,"  contained  impurities,  the  use  of  pure 
tin  of  the  quality  of  Banka,  of  Williams,  Harvey  &  Co.,  refined, 
or  even  of  Straits  or  Pyrmont  (see  Appendix  i)  would  probably 
eliminate  the  danger  of  oxidation  of  these  plugs  in  service. 

5.  The  relation  of  these  findings  to  existing  specifications  for 
fusible  plugs  is  discussed  and  more  rigorous  inspection  of  the 
product  of  licensed  manufacturers  suggested. 

A.  B.  I^ort,  of  the  chemical  division,  made  all  of  the  quantitative 
and  most  of  the  qualitative  chemical  analyses  for  this  investiga- 
tion, and  to  him,  as  well  as  to  R.  W.  Woodward,  R.  G.  Walten- 
berg,  C.  P.  Karr,  and  A.  S.  McCabe,  for  their  aid  in  this  work,  the 
authors'  thanks  and  appreciation  are  here  expressed. 

The  material  for  this  investigation  was  furnished  by  the  Steam- 
boat Inspection  Service,  as  noted  above. 

Washington,  May  28,  191 5. 


Appendixes 

APPENDIX   1.— ANALYSES   OF  PIG  TIN  BY  COWAN 

Analyses  are  here  given  of  series  of  brands  of  tin  by  W.  A.  Cowan 
(Journal  of  the  American  Institute  of  Metals,  191 4). 

Comparison — Pig  Tin  Analyses 
[A=  American  Sheet  &  Tin  Plate  Co.;  B=Ledoux  &  Co.;  C=  A.  H.  Knight;  D=  National  Lead  Co.] 

BANKA 


Lead 

Arsenic 

Antimony... 

Copper 

Cadmium. . . 

Bismuth 

Iron 

Zinc 

Ni  and  Co. . 
Manganese . 
Tungsten... 

Sulphur 

Phosphorus . 
Tin 


Total. 


Per  cent 
Trace 

0.024 
0.038 
0.003 


Trace 
Trace 


Per  cent 
0.010 
0.004 
None 
0.009 
None 
0.002 
0.004 


Per  cent 
Trace 
Trace 

0.006 
0.002 


None 
None 


Trace 
Trace 

a  99. 935 


None 

a  99. 971 


Nil 

0.023 


Nil 


Trace 

Nil 

99. 963 


Per  cent 
Trace 

None 
0.006 
0.004 
None 
None 
0.019 
Trace 
None 
None 
None 
Trace 
0.008 
a  99.  963 


100. 000       100. 000 


99. 994 


100.  000 


STRAITS 


Lead 

0.057 
0.084 
0.103 
0.013 

0.080 
0.072 
None 
0.027 
None 
0.003 
0.005 

0.049 
0.058 
0.018 
0.020 

0.064 

Arsenic 

0.077 

Antimony 

0.018 

CoDoer 

0.020 

Cadmium ..                 

None 

Bismuth 

0.004 
0.003 

None 

Iron 

Trace 
Trace 

0.005 

Zinc 

0.015 

Ni  and  Co 

None 
None 

Nil 

None 

Manganese 

None 

Tungsten 

None 

Sulphur . .          

Trace 

Trace 

a  99.  743 

Trace 
Nil 

99. 831 

0.009 

Phosphorus 

None 

0  99.813 

0.010 

Tin 

a  99.  782 

Total 

100.000 

100. 000 

99.983 

100. 000 

28 


a  By  difference. 
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Fig.  2. — Original  plug  showing 
tin  (light)  and  tin  oxide.  Mag- 
nification =]/2 


Fig.  3. — Used  plug  with  filling 
partially  melted  out.  Mag- 
nification =]/2 


Fig.  4. — Used  plug  with  filling 
partially  fnelted  out.  Mag- 
nification =}^ 


Fig.  5. — Used  plug  showing 
swelled  filUng.  Magnificat 
Hon  =Y2 
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Fig.  6. — Used  plug  showing 
swelled  filling.  Magnifica- 
Hon  =}/2 


Fig.  7. — Used  plug  show- 
ing oxide  layer  between 
filling ajid casing.  Mag- 
nification =]/2 


Fig.  8. — Used  plug.     Magni- 
fication =3/2 


Fig.  9. — Used  plug  showing  network  type 
of  oxidation.     Magnification  =}/2 
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Fig.  io. — Used  plug  showing 
network  type  of  oxidation. 
Magnification  =\^ 


Fig.  1 1 . — U sed plug  showing  network  type 
of  oxidation.     Magnification  =  I 


Fig.  12. — Used  plug  showing  net- 
work type  of  oxidation.    Alagnifi- 

r.n.t.inn.  =lyi^ 


Fig.  13. — Used  plug,  showing  network  type  of 
oxidation.     Magnification  =J 
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Fig.  14. — Used  plug  showing 
solid  ** oxide"  inclusions  at 
fire  end.    Magnification  =3^ 


Fig.  15. — Used  plug  showing 
solid  "oxide  "inclusions  at 
fire  end.    Magnification 


=  ly. 


-m 


Fig.  16. — Used  plug  showing 
solid  "oxide"  inclusions  at 
fire  end.    Magnification  =3^ 


Fig.  17. — Used  plug  showing 
solid  "oxide"  inclusions  at 
fiire  end.     ]\Iagnification  =3^ 
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Fig.  i8. — Used  plug  showing 
solid  "oxide"  inclusions  at 
fire  end.    Magnification  =3^ 


Fig.  19. — Used  plug.     Magni- 
fication =}/2 


Fig.  21. — Structure  of  zinc-tin 
alloy  with  l  per  cent  zinc, 
slowly  cooled.  Magnifica- 
tion =100,  reduced  to  45  in 
printing 


Fig.  22. — Shows  the  two  halves  of  a  plug 
containing  lead;  the  left  half  is  as 
received  (unused),  the  right  half  has 
been  treated  in  water  under  pressure  at 
about  180^  C.     Magnification  =}/^ 
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Fig.  23. — This  photomicrograph  shows 
microstructure  of  heated  half  of  plug 
shoivn  in  Fig.  22.  Magnification 
^20,  reduced  to  g  in  printing 


Fig.  24. — This  half  plug  has 
cracked  as  shown  upon 
heating  with  water  at 
180°  C.  The  plug  con- 
tains zinc.  lilagnifica- 
tion  =3^ 


Fig.  25. — Two  halves  of  a  plug  contain- 
ing 0.5  per  cent  zinc.  The  upper  half 
has  been  heated  for  500  hours  from 
180°  to  ig5°  C;  the  lower  half  is  as 
received.     Magnification  =l 


Fig.  26. — Same  as  Fig.  25;  center  section  of 
the  heated  half 
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Fig.  27. — Photomicrograph  shows  structure  of  plug 
containing  2  percent  zinc  and  no  lead  after  treating 
with  -water  in  autoclave  for  joo  hours  at  about 
180°  C.  Magnification  =^15,  reduced  to  7  in 
printing 


Fig.  28. — Photomicrograph  shows  structure  of  plug 
containing  2  per  cent  zinc  and  I  per  cent  lead, 
heated  as  in  Fig.  2y.     Magnification  =15,  reduced 
to  y  in  printing 
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PYRMONT  (AUSTRALIAN) 
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Lead 

Arsenic 

Antimony . . 

Copper 

Cadmium. . 

Bismuth 

Iron 

Zinc 

Ni  and  Co  . 
Manganese . 
Timgsten . . . 

Sulphur 

Phosphorus . 
Tin 


Total. 


Per  cent 
0.019 
0.020 
0.054 
0.023 


Trace 
Trace 


Trace 

Trace 

a  99. 784 


100. 000 


B 


Per  cent 

0.045 
0.035 
0.074 
0.027 
None 
0.010 
0.003 


None 
None 


None 
099.  806 


100.000 


Per  cent 
0.016 
0.019 
0.051 
0.015 


0.007 
0.003 


Nil 


Trace 

Nil 
a  99. 866 


99.977 


Per  cent 

0.045 
0.038 
0.098 
0.024 
None 
None 
0.003 
0.010 
None 
None 
None 
Trace 
0.020 
a  99. 762 


100. 000 


WILLIAMS,  HARVEY  &  COMPANY  (ENGLISH) 


Common 

Refined 

A 

B 

C 

D 

C 

D 

Lead 

Per  cent 

0.339 

.038 

.336 

.075 

Per  cent 
0.374 
.078 
.220 
.100 
None 
.070 
.008 

Per  cent 

0.380 

.060 

.215 

.060 

Per  cent 

0.387 

.077 

.252 

.090 

None 

.064 

.002 

.006 

None 

None 

None 

.006 

.007 

a  99. 109 

Per  cent 
Trace 

0.049 
.032 
.015 

Per  cent 
0.010 

Arsenic 

.061 

Antimntiy.     ...                 

.039 

Copper 

.014 

CartmitiTn. 

None 

Bismuth 

.059 
.004 

.002 
Trace 

None 

Iron 

Trace 
Trace 

.003 

Zinc 

.012 

Ni  and  Co 

None 
None 

.007 

Nil 

None 

Manganese 

None 

Tungsten 

None 

Sulphur 

Trace 

Trace 

199.212 

.002 
Trace 

99.  260 

Trace 

Nil 

99.  920 

Trace 

Phosphorus 

None 
a  99. 150 

Trace 

Tin 

a  99. 861 

Total 

100.000 

100.  000 

100. 047 

100. 000 

100. 018 

100. 000 

a  By  difference. 
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APPENDIX    2.    EXISTING    SPECIFICATIONS    FOR    FUSIBLE    TIN  BOILER 

PLUGS 

At  their  annual  meeting,  January  to  March,  191 5,  the  board  of 
supervising  inspectors.  Steamboat- Inspection  Service,  proposed 
the  following  specifications  to  supersede  those  already  in  force, 
adopted  in  December,  1914:'^ 

FUSIBLE  PLUGS 

Section  20,  ocean  and  coastwise;  lakes,  bays,  and  sounds;  and  rivers.     (Amended.) 

20.  Fusible  plugs  for  use  in  boilers  of  steam  vessels  under  the  jurisdiction  of  the 
Steamboat-Inspection  Service  shall  be  madeof  a  bronze  casing  with  the  bore  tapering 
continuously  and  evenly  from  end  to  end,  and  filled  from  end  to  end  with  [good,  pure 
Banka]  tin  [with  a  continuous  taper  from  end  to  end  of  filling.  The  bore  of  the 
plug  may  be  lightly  threaded  for  a  part  or  all  of  its  length  if  deemed  necessary  to 
retain  the  filling  in  the  plug  under  pressure,  but  no  counterbore,  recess,  or  cavity 
other  than  a  thread  will  be  allowed]  not  less  than  gg.y  per  cent  pure  and  to  contain  not 
more  than  o.i  per  cent  of  lead  and  not  m,ore  than  o.i  per  cent  of  zinc.  The  small  end  of 
the  bore  may  be  countersunk  not  more  than  one  thirty-second  of  an  inch  in  depth  and 
width,  but  no  recess,  thread,  or  cavity  other  than  this  countersink  shall  be  allowed. 

Fusible  plugs,  except  those  which  are  hereafter  provided  for,  shall  have  an  external 
diameter  of  not  less  than  three-fourths  of  an  inch  pipe  tap,  and  the  [Banka  tin] 
filling  shall  be  at  least  one-half  of  an  inch  in  diameter  at  the  smaller  end,  and  shall 
have  a  larger  diameter  at  the  opposite  end  of  the  plug:  Provided,  however,  That  all 
fusible  plugs  fitted  in  boilers  carrying  a  steam  pressure  exceeding  150  pounds  to  the 
square  inch  may  be  reduced  at  the  smaller  end  of  the  [Banka  tin]  filling  to  five- 
sixteenths  of  an  inch  in  diameter. 

Every  boiler  other  than  boilers  of  the  water-tube  type  shall  be  fitted  with  at  least 
two  fusible  plugs  as  described  above,  and  located  as  follows: 

Upright  boilers  shall  be  fitted  with  two  fusible  plugs  of  an  external  diameter  of 
not  less  than  three-eighths  of  an  inch  pipe  tap,  the  [Banka  tin]  filling  to  be  at  least 
one-fourth  of  an  inch  in  diameter  at  the  smaller  end  and  shall  have  a  greater  diameter 
at  the  opposite  end.  The  fusible  plugs  shall  be  located  in  separate  tubes  not  more 
than  2  inches  below  the  lowest  gauge  cock  [,  but  in  such  boilers  having  a  cone  top  the 
plugs  shall  be  inserted  in  the  upper  sheet]. 

Externally  heated  cylindrical  boilers,  with  flues,  shall  have  one  plug  in  the  top  of 
the  upper  flue,  not  more  than  4  feet  from  the  back  end  of  the  flue,  and  shall  also  have  a 
plug  fitted  to  the  shell  of  the  boiler  immediately  below  the  fire  line  and  not  less  than 
4  feet  from  the  front  end:  Provided,  however,  That  when  the  flues  are  not  more  than  6 
inches  in  diameter  fusible  plugs  of  not  less  diameter  than  three-eighths  of  an  inch  pipe 
tap  may  be  used  in  such  flues. 

Fire  box,  scotch,  and  other  types  of  shell  boilers  not  specially  provided  for,  having  a 
combustion  chamber  common  to  all  furnaces,  shall  have  two  plugs  fitted  to  the  crown 
sheet  and  not  more  than  12  inches  apart.     Boilers  fitted  with  separate  combustion 

s  The  parts  of  the  rules  struck  out  are  ixiclosed  in  brackets  [thus],  while  the  addition  to  the  rules  are  printed 
in  italic. 
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chambers  shall  be  fitted  with  a  fusible  plug  in  the  center  of  the  crown  sheet  of  each 
chamber. 

Boilers  of  types  not  herein  provided  for  shall  be  fitted  with  at  least  two  fusible  plugs 
of  such  dimensions  and  located  in  such  parts  of  the  boiler  as  will,  in  the  judgment  of  the 
local  inspectors,  best  meet  the  purposes  for  which  they  are  intended. 

Fusible  plugs  shall  be  renewed  after  six  months  of  service,  and  the  inspector  of  boil- 
ers shall  assure  himself  at  each  annual  inspection  by  personal  examination  and  by 
testing  the  ends  of  the  filling  by  filing  to  determine  its  condition  that  the  plugs  are  in 
good  and  serviceable  condition. 

Fusible  plugs  shall  be  so  fitted  that  the  smaller  end  of  the  [Banka  tin]  filling  is  ex- 
posed to  the  fire,  and  shall  be  at  least  i  inch  higher  on  the  water  side  than  the  plate  or 
flue  in  which  they  are  fitted. 

Notwithstanding  anything  which  may  be  contained  in  this  rule,  fusible  plugs  shall 
be  so  fitted  that  the  end  of  the  [Banka  tin]  filling  on  the  water  end  of  the  plug  is  not  less 
than  I  inch  above  the  dangerous  low- water  level. 

Manufacturers  of  fusible  plugs  shall  stamp  their  name  or  initials  thereon  for  identi- 
fication and  shall  file  with  the  Supervising  Inspector  General  of  the  Steamboat- 
Inspection  Service  at  Washington,  D.  C,  a  certificate  duly  sworn  to  that  such  plugs 
are  filled  with  [good,  pure  Banka]  tin  [free  from  scoriae  or  oxides]  of  the  character  re- 
quired by  this  rule  and  made  in  accordance  [with  this  rule]  therewith,  and  shall  also 
furnish  him  a  sample  plug  for  each  lot  of  [50]  100  plugs  or  less  and  a  proportionate 
number  of  samples  for  larger  lots  [,  such  sample  plugs  to  be  split  evenly  from  end  to 
end  so  that  the  construction  may  be  observed]. 

Each  manufacturer  of  fusible  plugs  shall  number  all  plugs  in  accordance  with  the 
number  of  the  heat  from  which  the  plugs  were  filled.  For  instance,  the  first  pouring 
shall  be  number  one,  and  all  plugs  filled  from  this  heat  shall  be  numbered  i ;  the  next 
pouring  shall  be  numbered  2,  etc.  The  samples  furnished  the  Supervising  Inspector 
General  shall  bear  the  same  number  for  any  one  heat  and  shall  be  part  of  the  heat 
from  which  the  plugs  represented  by  the  sample  are  poured. 

The  heat  number  shall  be  plainly  stamped  on  each  end  of  filling  with  numbers  not 
less  than  one-twelfth  inch  in  height. 

The  manufacturer's  name  or  initials  shall  be  plainly  stamped  on  the  larger  end  or  face 
of  the  casing. 

One  sample  plug  shall  be  furnished  from  each  heat  of  [50]  joo  plugs  or  less.  For 
[over  50]  more  than  100  and  not  [over  100]  more  than  200  plugs  of  any  one  heat,  two  plugs 
shall  be  furnished,  etc.     Such  sam,ple  plugs  shall  not  he  split  as  formerly  required. 

In  transmitting  samples  of  fusible  plugs  to  the  Supervising  Inspector  General,  the 
fusible  plugs  and  the  letters  of  transmittal  shall  be  addressed  as  follows:  "  Supre vising 
Inspector  General,  Steamboat-Inspection  Service,  Department  of  Commerce,  Wash- 
ington, D.  C." 

One  letter  of  transmittal  shall  be  required  for  each  heat. 

In  letter  of  transmittal  the  following  information  shall  be  stated: 

Number  of  heat. 

Number  of  fusible  plugs  manufactm*ed  from  the  heat. 

Number  of  samples  of  fusible  plugs  from  the  heat  transmitted. 

Name  of  manufacturer  or  initials  stamped  on  casing  of  plug. 

I 
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Following  is  a  general  form  of  affidavit  to  be  followed  by  manilfactnrers  of  fusible 
plugs: 

State  op ,  County  of . 

I  hereby  certify,  on  this day  of ,  191 — ,  that  I  am ,  of  the 

(State  owner  or  name  position.) 

manufactory  of ,  located  at ,  in  the  State  of ;  that  all  fusible  plugs 

furnished  for  use  in  boilers  of  steam  vessels  under  the  jurisdiction  of  the  Steamboat- 
Inspection  Service  by  the  said  manufactory  will  be  filled  with  [good,  pure  Banka]  tin 
[free  from  scoriae  or  oxides]  of  the  character  required,  and  will  be  made  in  accordance 
with  the  rules  and  regulations  of  the  Board  of  Supervising  Inspectors,  Steamboat- 
Inspection  Service,  governing  the  manufacture  of  fusible  plugs;  and  that  I  am  author- 
ized to  make  this  certificate. 


(Signature  of  manufacturer.) 
Subscribed  and to  before  me  this day  of ,  191 — . 

(Sworn  or  afl&rmed.) 

[notary's  seal.]  (Signature) 

Notary  Public. 

The  certificate  shall  be  executed  by  some  person  having  authority  to  make  the 
statements  contained  therein. 

The  affidavit  shall  be  sent  to  the  Supervising  Inspector  General. 

On  receipt  of  a  properly  executed  affidavit  by  the  Supervising  Inspector  General, 
the  inspectors  of  the  Steamboat-Inspection  Service  and  the  merchant  marine  generally 
shall  be  notified. 

In  their  final  report  to  the  American  Society  of  Mechanical 
Engineers,  published  in  February,  191 5,  the  boiler-code  committee 
included  the  following  specifications  for  fusible  plugs  among  their 
**  Standard  specifications." 

REPORT  01!'  THE  COMMITTEE  TO  FORMULATE  STANDARD  SPECIFICATIONS 
FOR  THE  CONSTRUCTION  OF  STEAM  BOILERS  AND  OTHER  PRESSURE 
VESSELS  AND  FOR  CARE  OF  SAME  IN  SERVICE. 

FUSIBLE  PLUGS. 

428.  Fusible  plugs,  if  used,  shall  be  filled  with  tin  with  a  melting  point  between 
400  and  500  degrees  Fahrenheit. 

429.  The  least  diameter  of  fusible  metal  shall  be  not  less  than  one-half  inch,  except 
for  maximum  allowable  working  pressures  of  over  175  pounds  per  square  inch  or  when 
it  is  necessary  to  place  a  fusible  plug  in  a  tube,  in  which  case  the  least  diameter  of 
fusible  metal  shall  be  not  less  than  three-eighths  inch. 

430.  Each  boiler  may  have  one  or  more  fusible  plugs,  located  as  follows: 

{a)  In  horizontal  return  tubular  boilers:  In  the  rear  head,  not  less  than  2  inches 
above  the  upper  row  of  tubes,  the  measurement  to  be  taken  from  the  line  of  the  upper 
surface  of  tubes  to  the  center  of  the  plug,  and  projecting  through  the  sheet  not  less 
than  I  inch. 

ih)  In  horizontal  flue  boilers:  In  the  rear  head,  on  a  line  with  the  highest  part  of 
the  boiler  exposed  to  the  products  of  combustion,  and  projecting  through  the  sheet 
not  less  than  i  inch.  I 
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(c)  In  traction,  portable,  or  stationary  boilers  of  the  locomotive  type  or  star  water 
tube  boilers:  In  the  highest  part  of  the  crown  sheet,  and  projecting  through  the  sheet 
not  less  than  i  inch. 

(d)  In  vertical  fire-tube  boilers:  In  an  outside  tube,  not  less  than  one-third  the 
length  of  the  tube  above  the  lower  tube  sheet,  and  projecting  through  the  sheet  not 
less  than  i  inch. 

(e)  In  vertical  fire-tube  boilers,  Corliss  type:  In  a  tube,  not  less  than  one-third  the 
length  of  the  tube  above  the  lower  tube  sheet. 

(/)  In  vertical  submerged  tube  boilers:  In  the  upper  tube  sheet. 

(g)  In  water-tube  boilers,  horizontal  drums,  Babcock  &  Wilcox  type:  In  the  upper 
drum,  not  less  than  6  inches  above  the  bottom  of  the  drum,  over  the  first  pass  of  the 
products  of  combustion,  and  projecting  through  the  sheet  not  less  than  i  inch. 

(h)  In  Stirling  boilers,  standard  type:  In  the  front  side  of  the  middle  drum,  not 
less  than  4  inches  above  the  bottom  of  the  drum,  and  projecting  through  the  sheet  not 
less  than  i  inch. 

(i)  In  Stirling  boilers,  superheater  type:  In  the  front  drum,  not  less  than  6  inches 
above  the  bottom  of  the  drum,  exposed  to  the  products  of  combustion,  and  projecting 
through  the  sheet  not  less  than  i  inch. 

(j)  In  water-tube  boilers,  Heine  type:  In  the  front  course  of  the  drum,  not  less  than 
6  inches  above  the  bottom  of  the  drum,  and  projecting  through  the  sheet  not  less  than 
I  inch. 

(k)  In  Robb-Mumford  boilers,  standard  type:  In  the  bottom  of  the  steam  and  water 
drum,  24  inches  from  the  center  of  the  rear  neck,  and  projecting  through  the  sheet 
not  less  than  i  inch. 

(/)  In  water-tube  boilers,  Almy  type:  In  a  tube  or  fitting  exposed  to  the  products 
of  combustion. 

(m)  In  vertical  boilers.  Climax  or  Hazelton  type:  In  a  tube  or  center  drum  not  less 
than  one-half  the  height  of  the  shell,  measuring  from  the  lowest  circumferential  seam. 

(n)  In  Cahall  vertical  water-tube  boilers:  In  the  inner  sheet  of  the  top  drum,  not 
less  than  6  inches  above  the  upper  tube  sheet,  and  projecting  through  the  sheet  not 
less  than  i  inch. 

(0)  In  Wickes  vertical  water-tube  boilers:  In  the  shell  of  the  top  drum  and  not  less 
than  6  inches  above  the  upper  tube  sheet,  and  projecting  through  the  sheet  not  less 
than  I  inch;  so  located  as  to  be  at  the  front  of  the  boiler  and  exposed  to  the  first  pass 
of  the  products  of  combustion. 

(p)  In  Scotch-marine  type  boilers:  In  the  combustion  chamber  top,  and  projecting 
through  the  sheet  not  less  than  i  inch. 

(q)  In  dry  back  Scotch  type  boilers:  In  the  rear  head,  not  less  than  2  inches  above 
the  upper  row  of  tubes,  and  projecting  through  the  sheet  not  less  than  i  inch. 

(r)  In  economic  type  boilers:  In  the  rear  head,  above  the  upper  row  of  tubes. 

(s)  In  cast-iron  sectional-heating  boilers:  In  a  section  over  and  in  direct  contact 
with  the  products  of  combustion  in  the  primary  combustion  chamber. 

(t)  In  water-tube  boilers,  Worthington  type :  In  the  front  side  of  the  steam  and  water 
drum,  not  less  than  4  inches  above  the  bottom  of  the  drum,  and  projecting  through 
the  sheet  not  less  than  i  inch. 

(u)  For  other  types  and  new  designs,  fusible  plugs  shall  be  placed  at  the  lowest 
permissible  water  level,  in  the  direct  path  of  the  products  of  combustion,  as  near  the 
primary  combustion  chamber  as  possible. 
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In  the  ''Rules  and  Instructions  for  Inspection  and  Testing  of 
Locomotive  Boilers  and  Their  Appurtenances"  of  the  division  of 
locomotive  boiler  inspection  of  the  Interstate  Commerce  Com- 
mission there  is  found  the  following  paragraph  relating  to  fusible 
plugs: 

14.  If  boilers  are  equipped  with  fusible  plugs  they  shall  be  removed  and  cleaned 
of  scale  at  least  once  every  month. 

APPENDIX  3 

Department  of  Commerce, 

Steamboat-Inspection  Service. 
General  Rules  and  Regulations  prescribed  by  the  Board  of  Supervising  Inspectors,  amended 
January,  JQ13,  and  further  amended  by  action  of  executive  committee  of  the  Board  of 
Supervising  Inspectors,  meetings  April  18,  July  g,  August  16,  October  21,  and  Decem- 
ber JO,  191 3.  {Amendments  approved  by  the  Secretary  of  Commerce.  Edition  of  Janu- 
ary 13,  191 4.) 

FUSIBLE  PLUGS. 

21.  Every  boiler,  other  than  boilers  of  the  water-tube  type,  shall  have  at  least  one 
fusible  plug  as  described  below.  Plugs  shall  be  made  of  a  bronze  casing  filled  with 
good  Banka  tin  tapering  straight  from  end  to  end  of  filling.  The  manufacturers  of 
fusible  plugs  shall  stamp  their  name  or  initials  thereon  for  identification,  and  shall 
file  with  the  local  inspectors  a  certificate,  duly  sworn  to,  that  such  plugs  are  filled 
with  Banka  tin  and  made  in  accordance  with  this  rule. 

Fusible  plugs,  except  as  otherwise  provided  for,  shall  have  an  external  diameter 
of  not  less  than  three-fourths  of  an  inch  pipe  tap,  and  the  Banka  tin  shall  be  at  least 
one-half  of  an  inch  in  diameter  at  the  smaller  end  and  shall  have  a  larger  diameter 
at  the  opposite  end  of  the  plug:  Provided,  however.  That  all  plugs  used  in  boilers 
carrying  a  steam  pressure  exceeding  150  pounds  to  the  square  inch  may  be  reduced 
at  the  smaller  end  of  the  Banka  tin  to  five-sixteenths  of  an  inch  in  diameter. 

Fusible  plugs,  when  used  in  the  tube  of  upright  boilers,  shall  have  an  external 
diameter  of  not  less  than  three-eighths  of  an  inch  pipe  tap,  and  the  Banka  tin  shall 
be  at  least  cne-foiirth  of  an  inch  in  diameter  at  the  smaller  end  and  shall  have  a 
greater  diameter  at  the  opposite  end  of  the  plug. 

Externally  heated  cylindrical  boilers,  with  flues,  shall  have  one  plug  inserted  in 
one  flue,  and  also  one  plug  inserted  in  shell  of  each  boiler  immediately  below  the 
fire  line  and  not  less  than  4  feet  from  the  front  end:  Provided,  however,  That  when 
such  flues  are  not  more  than  6  inches  in  diameter,  a  fusible  plug  of  not  less  diameter 
than  three-eighths-inch  pipe  tap  may  be  used  in  such  flues. 

Other  shell  boilers,  except  especially  provided  for,  shall  have  one  plug  inserted  in 
the  crown  sheet  of  the  back  connection. 

Vertical  tubular  boilers  shall  have  one  plug  inserted  in  one  of  the  tubes  at  least 
2  inches  below  the  lowest  gauge  cock,  but  in  boilers  having  a  cone  top  the  plug  shall 
be  inserted  in  the  upper  tube  sheet. 

All  plugs  shall  be  inserted  so  that  the  small  end  of  the  Banka  tin  shall  be  exposed 
to  the  fire. 

It  shall  be  the  duty  of  the  inspector  at  each  annual  inspection  to  see  that  the  plugs 
are  in  good  condition.     (Sec.  4418,  R.  S.) 


Fusible  Tin  Boiler  Plugs  35 

Department  of  Commerce, 

Steamboat-Inspection  Service, 

Washington,  June  jo,  IQI4. 
Circular  Letter. 
United  States  Supervising  and  Local  Inspectors, 

Steamboat-Inspection  Service,  Manufacturers  of  Fusible  Plugs, 
Owners  of  Steam  Vessels,  and  others  concerned: 

Under  the  provisions  of  section  4405,  Revised  Statutes  of  the  United  States,  as 
amended  by  the  act  of  Congress  approved  February  8,  1907,  the  executive  committee 
of  the  Board  of  Supervising  Inspectors,  Steamboat-Inspection  Service,  at  a  meeting 
held  in  New  York,  N.  Y.,  on  June  22,  1914,  adopted  the  following  resolution: 

Resolved,  That  section  21,  Rule  II,  page  44,  of  the  General  Rules  and  Regulations 
prescribed  by  the  Board  of  Supervising  Inspectors,  as  am-ended  January,  19 13,  edition 
of  January  13,  1914,  be  struck  out  and  the  following  substituted  therefor: 

fusible  plugs. 

21.  Fusible  plugs  for  use  in  boilers  of  steam  vessels  under  the  jurisdiction  of  the 
Steamboat-Inspection  Service  shall  be  made  of  a  bronze  casing  filled  with  good, 
pure  Banka  tin  tapering  evenly  from  end  to  end  of  filling. 

Fusible  plugs,  except  those  which  are  hereafter  provided  for,  shall  have  an  external 
diameter  of  not  less  than  three-fourths  of  an  inch  pipe  tap,  and  the  Banka  tin  filling 
shall  be  at  least  one-half  of  an  inch  in  diameter  at  the  smaller  end,  and  shall  have  a 
larger  diameter  at  the  opposite  end  of  the  plug:  Provided,  however,  That  all  fusible 
plugs  fitted  in  boilers  carrying  a  steam  pressiu-e  exceeding  150  pounds  to  the  square 
inch  may  be  reduced  at  the  smaller  end  of  the  Banka  tin  filling  to  five-sixteenths  of 
an  inch  in  diameter. 

Every  boiler  other  than  boilers  of  the  water-tube  type  shall  be  fitted  with  at  least 
two  fusible  plugs,  as  described  above,  and  located  as  follows: 

Upright  boilers  shall  be  fitted  with  two  fusible  plugs  of  an  external  diameter  of  not 
less  than  three-eighths  of  an  inch  pipe  tap,  the  Banka  tin  filling  to  be  at  least  one-fourth 
of  an  inch  in  diameter  at  the  smaller  end  and  shall  have  a  greater  diameter  at  the 
opposite  end.  The  fusible  plugs  shall  be  located  in  separate  tubes  not  more  than  2 
inches  below  the  lowest  gauge  cock,  but  in  such  boilers  having  a  cone  top  the  plugs 
shall  be  inserted  in  the  upper  tube  sheet. 

Externally  heated  cylindrical  boilers,  with  flues,  shall  have  two  plugs  in  the  top  of 
the  upper  flue,  one  of  the  plugs  to  be  not  more  than  4  feet  from  the  back  end  of  the 
flue  and  the  other  to  be  placed  about  the  middle  of  the  length  of  the  flue,  and  shall 
also  have  a  plug  fitted  to  the  shell  of  the  boiler  immediately  below  the  fire  line,  and 
not  less  than  4  feet  from  the  front  end:  Provided,  however.  That  when  the  flues  are 
not  more  than  6  inches  in  diameter  fusible  plugs  of  not  less  diameter  than  three- 
eighths  of  an  inch  pipe  tap  may  be  used  in  such  flues. 

Fire-box,  Scotch,  and  other  types  of  shell  boilers  not  specially  provided  for  shall 
have  three  plugs  fitted  to  the  crown  sheet  of  the  combustion  chamber,  one  to  be  fitted 
about  12  inches  inboard  on  each  end  of  the  crown  and  one  in  the  center.  Boilers 
fitted  with  separate  combustion  chambers  shall  be  fitted  with  a  fusible  plug  in  the 
center  of  the  crown  sheet  of  each  chamber. 

Boilers  of  types  not  herein  provided  for  shall  be  fitted  with  at  least  two  fusible  plugs 
of  such  dimensions  and  located  in  such  parts  of  the  boiler  as  will,  in  the  judgment  of  the 
local  inspectors,  best  meet  the  purposes  for  which  they  are  intended. 

Fusible  plugs  shall  be  renewed  after  foiu"  months  of  service,  and  the  inspector  of 
boilers  must  assure  himself,  by  personal  observation  and  by  testing  with  a  file  to 
determine  the  character  of  the  filling  at  each  annual  inspection,  that  they  are  in  good 
condition. 

Fusible  plugs  shall  be  so  fitted  that  the  smaller  end  of  the  Banka  tin  is  exposed  to 
the  fire,  and  shall  be  at  least  i  inch  higher  on  the  water  side  than  the  plate  or  flue  in 
which  they  are  fitted. 
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Notwithstanding  anything  which  may  be  contained  in  this  rule,  fusible  plugs 
shall  be  so  fitted  that  the  end  of  the  Banka  tin  on  the  water  end  of  the  plug  is  not 
less  than  i  inch  above  the  dangerous  low- water  level. 

Manufacturers  of  fusible  plugs  shall  stamp  their  name  or  initials  thereon  for  identi- 
fication, and  shall  file  with  the  Supervising  Inspector  General  of  the  Steamboat- 
Inspection  Service  at  Washington,  D.  C,  a  certificate  duly  sworn  to  that  such  plugs 
are  filled  with  good,  pure  Banka  tin  free  frorn  scoriae  or  oxides,  and  made  in  accordance 
with  this  rule,  and  shall  also  furnish  him  a  sample  plug  for  each  lot  of  20  plugs  or  less, 
and  a  proportionate  number  of  samples  for  larger  lots. 

This  action  of  the  executive  committee  received  the  approval  of  the  Secretary  of 
Commerce  on  Jiuie  25,  1914,  under  the  provisions  of  sections  4405  and  4491,  Revised 
Statutes,  and  has  now  the  force  of  law. 

In  pursuance  of  the  provisions  of  the  above  resolution,  the  following  instructions 
are  required  to  be  observed  by  manufacturers  of  fusible  plugs  for  use  in  boilers  of 
steam  vessels  under  the  jurisdiction  of  the  Steamboat- Inspection  Service. 

Each  manufacturer  of  fusible  plugs  will  number  all  plugs  in  accordance  with  the 
number  of  the  heat  from  which  the  plugs  were  filled.  For  instance,  the  first  pouring 
after  this  rule  takes  effect  will  be  number  one,  and  all  plugs  filled  from  this  heat  will 
be  numbered  i.  The  next  pouring  will  be  number  two,  and  all  the  plugs  filled  from 
this  heat  will  be  numbered  2,  etc.  The  samples  furnished  the  Supervising  Inspector 
General  must  bear  the  same  number  for  any  one  heat  and  must  be  a  part  of  the  heat 
from  which  the  plugs  represented  by  the  sample  are  poured. 

The  heat  number  will  be  plainly  stamped  on  each  end  of  filling  with  numbers  not 
less  than  one-twelfth  inch  in  height. 

The  manufacturer's  name  or  initials  will  be  plainly  stamped  on  the  larger  end  or 
face  of  the  casing. 

One  sample  plug  will  be  furnished  from  each  heat  of  20  plugs  or  less.  For  over  20 
and  not  over  40  plugs  or  any  one  heat  two  plugs  will  be  fimiished,  etc. 

In  transmitting  samples  of  fusible  plugs  to  the  Supervising  Inspector  General,  the 
fusible  plugs  and  the  letters  of  transmittal  will  be  addressed  as  follows:  "Supervising 
Inspector  General,  Steamboat- Inspection  Service,  Department  of  Commerce,  Wash- 
ington, D.  C." 

One  letter  of  transmittal  will  be  required  for  each  heat. 

In  letter  of  transmittal  the  following  information  will  be  stated: 

Number  of  heat. 

Number  of  fusible  plugs  manufactured  from  the  heat. 

Number  of  samples  of  fusible  plugs  from  the  heat  transmitted. 

Name  of  manufacturer,  or  initials,  stamped  on  casing  of  plug. 

Following  is  a  general  form  of  affidavit  to  be  followed  by  manufacturers  of  fusible 
plugs: 

State  of  ,  County  of . 

I  hereby  certify,  on  this day  of 191 — ,  that  I  am ,  of  the 

(State  owner,  or  name  position.) 

manufactory  of located  at in  the  State  of ;  that  all  fusible  plugs 

furnished  for  use  in  boilers  of  steam  vessels  under  the  jurisdiction  of  the  Steamboat- 
Inspecdon  Service  by  the  said  manufactory  will  be  filled  with  good,  pure  Banka  tin 
free  from  scoriae  or  oxides,  and  will  be  made  in  accordance  with  the  rules  and  regu- 
lations of  the  board  of  supervising  inspectors,  Steamboat- Inspection  Service,  govern- 
ing the  manufacttue  of  fusible  plugs;  and  that  I  am  authorized  to  make  this  certificate. 

(Signature  of  manufacturer.) 

Subscribed  and to  before  me  this day  of ,  191 — . 

(Sworn  or  affirmed.) 

(Signature)  

[Notary's  sEai,.]  Notary  Public. 
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The  certificate  must  be  executed  by  some  person  having  authority  to  make  the 
statements  contained  therein. 

The  affidavit  must  be  sent  to  the  Supervising  Inspector  General, 
On  receipt  of  a  properly  executed  affidavit  by  the  Supervising  Inspector  General, 
the  inspectors  of  the  Steamboat-Inspection  Service  and  the  merchant  marine  gener- 
ally will  be  notified. 

All  fusible  plugs  at  present  in  stock  must  be  refilled  in  accordance  with  the  rule  of 
the  Board  of  Supervising  Inspectors  and  the  instructions  contained  herein. 
The  rule  is  effective  on  and  after  June  25,  19 14. 

Each  board  of  local  inspectors  will  furnish  a  copy  of  this  circular  letter  to  each 
manufacturer  of  fusible  plugs  and  to  each  owner  of  steam  vessels  in  its  district. 

Geo.  Uhler, 
Supervising  Inspector  General. 
Approved  June  30,  1914. 
William  C.  Redfield, 

Secretary  of  Commerce. 
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